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And God said: “Let there be light”; 
And there was light. 
And God saw that the light was good. 
 




The present study was carried out between  the Department of Chemistry at the 
University of Sassari and The Leibniz Institute Für Catalyse e. V. an der Universität Rostock . 
 
In particular, I wish to express my gratitude to my supervisor, Prof.  Serafino Gladiali 
for his invaluable suggestions during this work. In this I would also like to include my gratitude 
to Prof. Matthias Beller  who provided  support  for this research  along the way and  for his 
guidance, advice throughout the research. 
Most importantly, I am forever indebted to my Parents and Brother and all family  for their love, 
understanding, endless patience and encouragement. 
I am grateful to all my friends and colleagues  from the Chemistry Department, University of 
Sassari and from the Leibniz Institute Für Catalyse  for their moral support.  I  would like to say 





Multipurpose Nitrogen Donor Ligands for Homogeneous Transition Metal Catalysis. From Carbonylation to Hydrogen Generation 
i
Tesi di dottorato in Scienze  e Tecnologie Chimiche XXIII ciclo 
Università degli Studi di Sassari 
 Preface  
 
The importance of nitrogen donor ligands as chiral modifiers in transition metal catalyzed 
asymmetric reactions, such as cyclopropanation of alkenes, alkylation of aldehydes, asymmetric 
hydrogenation and hydrosilylation, is well known.   
In particularl, chelating N,N’- ligands in combination with transition metals give access to a wide 
and diverse range of complexes among which are tris-chelate pseudo octahedral complexes of 
Rh, Ru, Ir, Os, V, whose applications in catalysis are the most varied. 
The present work will report on the synthesis of a small library of 2,2’-bipyridine ligands and 
their Ir(III) and Pd (II) complexes. Such complexes have been applied as photosensitizers and 
catalysts respectively in two metal mediated processes. 
The application of cyclometalated Ir(III)/(2,2’-bipyridine) complexes as photosensitizer in 
combination with Fe(0)-based catalysts for water splitting and hydrogen production will be 
described. Direct photo-catalytic water splitting represents one of the most promising ways for 
the generation of hydrogen from non-food related biomass. In principle, water splitting could 
ensure the major part of the global energy consumption because of the ubiquitous availability of 
sunlight and water. Beside, an efficient electrification of hydrogen, preferably in fuel cells, runs 
without waste and regenerates water at the end. 
The synthesis of Pd catalysts modified with 6-alkyl-substituted 2,2’-bipyridines and their 
application to the oligomerization of CO and styrene will be described as well. Insights into the 
steps of the mechanism of the catalytic process will be discussed too. 
Single-site metal promoted polymerization is a powerful tool to achieve the synthesis of 
macromolecules suited for well-defined applications. Within this class of chemical 
transformations, nitrogen-donor ligands such as 2,2’-bipyridines, 1,10-phenanthroline  and 
oxazolines in combination with suitable metals, have proved particularly effective for the 
controlled  synthesis of new and known polymeric materials. Among the processes where these 
ligands have found successful application are homopolymerization of olefins, copolymerization 
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 Multipurpose Nitrogen Donor Ligands for Homogeneous Transition Metal Catalysis. 
From Carbonylation to Hydrogen Generation. 
 
 
UNIVERSITA’ DEGLI STUDI SASSARI 
DIPARTIMENTO DI CHIMICA 
Daniela Cozzula 
 
The synthesis of novel N,N’-donor ligands as 6/6’ substituted bipyridines and the preparation of 
their Iridium and Palladium complexes for catalytic applications are described. 
The Iridium complexes herein described have the general structure reported in Figure 1: they are 
cationic Ir(III) complexes which have been applied as photosensitizers in the efficient photo-






Analogous complexes had already been reported in the literature: in this thesis the effect of the 
so far inexplored introduction of substituents in the 6/6’ position of the bipyridine ligand is 
described. Such structural modification has allowed to increase the lifetime of the photosensitizer 
compared to systems containig otherwise substituted ligands. After screening of different 
substituents, complex {[Ir(phpy)2(N-N’)]PF6, containing 6-iPr-2,2’-bipyridine, has been 
identified as the best photosensitizer. TON and TOF achieved with this complex, to the best of 
our knowledge, are superior to any other homogeneous photocatalytic system for water reduction 
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Ongoing investigations into the complex mechanistic details of the Ir-Fe systems will aid the 
design of more robust catalysts. Future work will attempt to develop complete water splitting 
systems using the system described herein and an iridium-based water oxidation catalyst. 
Some of the novel bipyridine ligands have been used in the synthesis of palladium complexes of 
general formula [Pd(CH3)(CH3CN)(N-N')][PF6] and [Pd(CH3)(N-N')2][PF6]. A review of 
literature shows that, unlike analogous complexes containing non-symmetric bidentate nitrogen 
donors, in the palladium complexes described herein the Pd-Methyl bond lies trans to the Pd-N 
bond, whose N belongs to the alkyl-substituted pyridine moiety. In complexes [Pd(CH3)(N-
N')2][PF6] one N-N' molecule shows the expected chelating behavior, whereas the other behaves 
as a monodentate ligand. Complexes [Pd(CH3)(CH3CN)(N-N')][PF6] generate active catalysts for 
styrene carbonylation yielding perfectly alternating CO/styrene oligoketones. Even in this case, 
6/6’ substitution in the bipyridine ligand has led to an improvement of the efficiency of the 
process. The influence of other reaction parameters has been investigated as well. The use of 
labelled carbon monoxide 13CO has allowed to spot some reaction intermediate and thus shed 
some light on the steps where the catalytic cycle is rooted in. 
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Sintesi di leganti N-donatori  e di catalizzatori di Metalli di transizione per la 
carbonilazione di oleifine e la generazione di idrogeno 
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Daniela Cozzula 
 
Nella presente tesi viene descritta la sintesi di leganti azotati 2,2’-Bipiridinici 6 e/o 6' sostituiti 
(N-N’),e la preparazione di loro complessi con metalli di transizione quali Iridio e Palladio per 
applicazioni catalitiche. 
I complessi di Iridio sintetizzati presentano la struttura generale riportata in Figura 1: essi sono 
complessi cationici di Iridio nello stato di ossidazione +3 e sono stati applicati quali 
fotosensibilizzatori nella generazione fotoassistita (luce visibile 400-800 nm) di idrogeno da 






Complessi analoghi sono già stati riportati in letteratura: la novità contenuta nel presente lavoro 
di tesi è la modifica strutturale del legante bipiridinico mediante l’introduzione di uno o due 
sostituenti nelle posizioni. 6/6’. Questa variazione ha determinato un generale incremento del 
tempo di vita del fotosensibilizzatore rispetto a sistemi con leganti bipiridinici altrimenti 
sostituiti. Lo screning di diversi sostituenti ha consentito di individuare nel complesso {[Ir(phpy-
H)2(N-N’)]PF6}, contenente il legante 6-iPr-2,2’-bipiridina, il migliore fotosensibilizzatore. I 
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 letteratura con qualsiasi altro sistema omogeneo foto-catalitico per la riduzione di acqua 
promossa da complessi di Ferro(0). Uno sviluppo prevedibile del presente lavoro di tesi è lo 
studio dettagliato del ciclo catalitico del processo di riduzione dell’acqua ad idrogeno. La 
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Alcuni dei leganti bipiridinici sintetizzati sono stati impiegati nella preparazione di complessi di 
palladio aventi la formula generale  [Pd(CH3)(CH3CN)(N-N')] [PF6] e [Pd(CH3) (N-N')2] 
[PF6]. A differenza di quanto riportato in letteratura su analoghi complessi di palladio contenenti 
leganti azotati bidentati non simmetrici, i complessi riportati nel presente lavoro di tesi sono 
caratterizzati da un legame Pd-Metile in posizione trans rispetto al legame Pd-N, dove l'atomo di 
N appartiene all’anello piridinico alkyl-sostituito. Nei complessi della serie 
[Pd(CH3)(CH3CN)(N-N')][PF6] il legante bipiridinico N-N' è, come atteso, chelante; nei 
complessi [Pd(CH3)(N-N')2] [PF6], uno dei due leganti N-N' agisce da modentato. Complessi 
della classe [Pd(CH3)(CH3CN)( N-N')][PF6] sono stati applicati quali precursori catalitici nella 
carbonilazione dello stirene a dare catene oligochetoniche perfettamente alternate CO / stirene. 
Anche in questo caso, l’introduzione sul legante bipiridinico di sostituenti nella posizioni 6 ha 
determinato un miglioramento dell’efficienza del processo catalitico rispetto ad analoghi sistemi 
riportati in letteratura. L’influenza di altri parametri sperimentali è stata investigata. L’impiego 
di monossido di carbonio marcato 13CO ha permesso di individuare alcuni intermedi di reazione 
e quindi di suggerire un possibile ciclo catalitico.   
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HOMO   highest occupied molecular orbital 
LC        ligand centred 
LUMO      lowest unoccupied molecular orbital 
MLCT         metal-to-ligand charge transfer 
MO molecular orbital 




aq.           aqueous 
Ar   aryl / aromate 




Bu    butyl 
Cl chloride 
CN nitryles 
CO carbon monoxide 
DMF-DMA N,N’-Dimethylformamide dimethyl acetal 
dpbpy       6,6'-diphenyl-2,2'-bipyridine 
dtbbpy 4,4’-ditertbutyl-2,2’-bipyridine 
EDTA ethylenediaminetetraacetic acid 
ee enantiomeric excess 
ER electron relay 
et al. e alia 
bzq-H   7,8-benzoquinoline 
iPr iso-Propyl 
Ir iridum 
L    ligand 
LDA lithium diisopropylamine 
M                   metal 
Me methyl 
n, m  unspecified number 
n-alkyl  normal alkyl 
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 sat. saturated 
secBut secondary Butyl 
SR sacrificial reagents 
TEA triethylamine 







CDCl2 dichloromethane deutarated 









CV cyclic voltammetry 
d doublet (NMR) 
δ chemical shift (NMR) 
ECB redox potential conduction band 
EVB redox potential valence band 
E0 redox potential referement 
ESI  electrospray ionisation 
hν light  
IR  infrared spectroscopy 
J  coupling constant (NMR) 
λ  wavelength 
m multiplets 
MS  mass spectrometry 
NMR  nuclear magnetic resonance  
NOE nuclear overhauser effect 
nm nanometers 
TLC  thin layer chromatography 
TMS  tetramethylsilane 
TOF turn over frequency 
TON  turn over number 
t triplets (NMR) 
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 1.Introduction 
1.1 Overview of N-N donor ligand applications. 
 
2,2’-bipyridine (Figure 1) and its derivatives have received great  attention due to their 
remarkable chemistry, both as compounds in their own and because of their exceptional 
coordination chemistry. This chelating ligand features two nitrogen atoms to bind the metal 
centre in an almost ideal geometry, with only the rotation in the pyridyl-pyridyl bond being 
restricted upon coordination. The two strong primary σ-dative interactions are further enhanced 
by the possible  overlaping between the aromatic π-system and the “d” orbitals of coordinated 








This unique family of ligands also possesses accessible redox chemistry as a consequence of the 
π-conjugation. One area of extensive research is photo-activation by coordination to an 
appropriate transition metal such as ruthenium, osmium or rhodium. In order to fine tune such 
systems to a particular purpose, a large range substituted 2,2’-bipyridine complexes have been 
described giving rise to exciting developments in such areas as photocatalysis 
1 and luminescent molecular sensors. 
Besides the well-known supramolecular applications, some very selected examples about 
published highlights for new applications of 2,2-bipyridines should be mentioned. De Cola et al. 
described dinuclear [Ru(bpy)32+]systems where phenylene units were used as the connecting 
backbone.2 These dinuclear ruthenium units (triplet emitter and electron-transfer mediator) were 
mixed together with polyphenylenevinylene (PPV) in order to construct a simple efficient 
                                                 
1 Balzani, V.; Juris, A.; Venturi, M.;  Campagna, S.;  Serroni, S. Chem. Rev. 1996, 96, 759-834;  Balzani, V.;  
Ceroni, P. ; Juris, A.; Venturi, M.;  Campagna, S.;  Puntoriero, F.; Serroni, S. Coord. Chem. Rev. 2001, 219, 545-
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2 Welter, S.;  Brunner, K.; Hofstraat, J. W.; De Cola, L. Nature 2003, 421, 54-57. 
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ultiwalled carbon nanotubes, which could be 




                                                
electron-transfer device (Figure 2). The usual red emission of the ruthenium dyes is observed. 
While reversing the device, the lowest excited singlet state of the polymer host is populated with 
subsequent emission of green light. Moreover, material science has been strongly moving 
forward on the field of nanomaterials through nanotubes and nanoparticles. Very recently, 

























3 Kaes, C.; Katz, A.;  Hosseini, M. W.  Chem. Rev. 2000, 100, 3553-3590. 
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Figure 2. De Cola’s red-green emissive device. 
.1.2 2,2’-bipyridine substituted. 
stitution pattern 
plexes in pseudo 
quare planar geometry but, readily assume the less crowded tetrahedral form. 
 




Bipyridine units can be tailored for multipurpose applications, by varying the sub
of the pyridine ring thus allowing the fine tuning of the coordinating nitrogen(s). 
Functionalization at the 6- and 6’-positions of the bipyridine framework is one of the most 
common. This approach has been widely adopted in the preparation of potential asymmetric 
catalysts with important steric interactions. The pinanyl substituted ligands (Figure 3) when 
coordinated to a platinum(II) metal centre have been shown to significantly distort the square-
planar geometry towards the less sterically demanding tetrahedral arrangement.4-3 As a general 
rule due to these steric considerations, 6/6’-substituted 2,2’-bipyridines do not form heteroleptic 




4 Kolp, B.; Abeln, D.; Stoeckli-Evans, H., von Zelewsky A., Eur. J. Inorg. Chem. 2001, 1207-1220. 
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Figure 3.  C2-symmetric 2,2’-bipyridines.5 
s such as iron(II) and zinc(II) have given rise to the preferential formation of 




                                                
 
Instead the introduction of substituents on carbons 5 and 5’ has not attracted such high the 
attention as functionalization at other positions of the 2,2’-bipyridine scaffold has received. 
However, substitution at these positions induces steric interactions that can be advantageously 
used to control the stereochemistry of the widely explored tris-chelate pseudo-octahedral 
geometry. This very common metal coordination architecture possesses an inherent helicity 
which can be either Λ (left handed) or Δ (right handed) depending on the relative orientation of 
the three ligands (Figure 4). As with the oligonuclear double stranded helicates6 for metals 









5 Fletcher, N.C.; Keene, F.R.; Ziegler, M.; Stoecklievans, H.; Viebrock, H.; von Zelewsky, A. Helv. Chim. Acta 
1996, 79, 1192-1202. 
6 Mamula, O.; Monlien, F. J.; Porquet, A.; Hopfgartner, G.; E.Merbach, A.; von Zelewsky, A. Chem. Eur. J., 2001, 
7, 533-539. 
7 Baret, P.; Einhorn, J.; Gellon, G.; Pierre, J. L. Synthesis, 1998, 431-435; Baret, P.; Gaude, D.;  Gellon, G.;  Pierre, 
J. L.  New J. Chem. 1997, 21, 1255-1263. 
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Figure 4. The Λ and Δ helicity introduced in pseudo-octahedral tris-2,2’-bipyridine complexes. 
 
1.1.3 Synthetic methods for the preparation of substituted bipyridine derivatives. 
 
The preparation of chiral 2,2’-bipyridines can be broken down into a number of alternative 
methodologies depending upon the structure of  the target molecule. The 2,2’-bipyridine core has 
product such as caerulomycins and 




                                                














8 Trecourt, F., Gervais, B., Mongin, O., Le Gal, C., Mongin, F., and Queguiner, G., J. Org. Chem. 1998, 63, 2892-
2897. 
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Figure 5.  Examples of natural bipyridine motifs. 6 
idine scaffold, such as ring assembly, metal catalysis 
oupling and less traditional coupling. 
.1.4 Synthesis of 2,2’-bipyridine derivatives via the ring assembly method. 
salt then reacts with methacrolein to afford 5-me yl-2,2’-bipyridine in 72% yield (Figure 7).6,10  
                                                
 
The very first synthesis of 2,2’ bipyridine dates back more than 110 years ago, when the copper 
salt of the picolinic acid was used by Fritz Blau.9 Since then, chemists have been interested in 
obtaining a variety of functionalized 2,2’-bipyridine derivatives. Although the synthesis of 2,2’-
bipyridine systems is one of a most challenging synthetic fields, certain reliable methods have 





Krohnke ring assembly can give simple monofunctionlized 2,2’-bipyridines from a pyridinium 
salt by the treatment of an unsaturated ketone.10 The pyridinium salt (10) is synthesized by 
reacting a bromomethyl ketone with pyridine. Then (10) reacts with an unsaturated ketone 
through a Michael addition and forms a 1,5-diketone intermediate (11). That undergoes ring 
closure into the 2,2’-bipyridine (12) product in the presence of ammonium acetate (Figure6) 
Based on this method, 5-methyl-2,2’-bipyridine was prepared in moderate yield.  In this case, the 




9 Blau, F. Ber. Dtsch. Chem. Ges. 1888, 21, 1077-1078. 
10 Kröhnke, F., Synthesis 1976, 1-24.  
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Figure 7. Preparation of 5-methyl-2,2’-bipyridine. 
.1.5 Synthesis of 2,2’-bipyridine derivatives via « non-traditional » coupling. 
ct (17)  in the presence of sodium ethoxide or 
odium hydride in toluene at 100 ºC (Figure 8). 
 




Using organophosphorus reagents, 6,6’-disubstituted-2,2’-bipyridine moieties can be obtained by 
coupling two 2-halopyridine reagents.11 2-Bromo- or 2-chloro-pyridine (15) is treated with 
lithium phosphorus reagent followed by oxidation by hydrogen peroxide. The intermediate P-










11 Newkome, G. R., and Hager, D. C., J. Am. Chem. Soc. 1978, 100, 5567-5568. 
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Figure 8.  Extrusion of organophosphorus intermediate to afford 2,2’-bipyridine derivatives. Errore. Il segnalibro non è 
finito. 
agnesium 





Alternatively, 6,(6’)-substituted-2,2’-bipyridine can be obtained by ligand coupling of 
organosulfur compounds.12 2-(Alkylsulfinyl)pyridines treated with certain 2-pyridyl-m
o
 
Figure 9. Ligand coupling of organosulfur to afford 2,2’-bipyridine derivatives.Errore. Il segnalibro non è definito. 
.1.6 Synthesis of 2,2’ bipyridine derivatives via metal catalysis coupling 
Figure 10).13 
owever, the yield of coupling from non-halogenated pyridines is generally low. 
 




In the early work, difunctionalized 2,2’-bipyridine moieties could be synthesized through direct 





12 Oae, S., Takeda, T., and Wakabayashi, S., Tetrahedron Lett. 1988, 29, 4445-4448. 
13 Badger, G. M., and Sasse, W. H. F., J. Chem. Soc., 1956, 616-620. 
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Figure 10. Raney Ni or Pd / C catalyzed synthesis of 2,2’-bipyridine. 








igura11. Ni catalyzed synthesis of 2,2’-bipyridine. 
metrically 




                                                
F
 
Recently, Negishi and Stille type couplings have emerged as efficient approaches to yield 
dissymmetrically substituted or monosubstituted 2,2’-bipyridine molecules. Negishi type 
coupling employing palladium catalysis and organozinc reagents can provide monosubstituted 
4,5,6-methyl 2,2’-bipyridine in good yields (Figure 12).15 Stille type reactions couple 2-




14 Leadbeater, N. E., Resouly, S. M., Tetrahedron Lett., 1999, 40, 4243-4246. 
15 Negishi, E., King, A. O.,  Okukado, N., J. Org. Chem., 1977, 42, 1821-1823. 
16 Schubert, U. S., Eschbaumer, C., Heller, M., Org. Lett., 2000, 2, 3373-3376. 
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Figure 13.  Stille type coupling to synthesize 2,2’-bipyridines. 
.1.7 Application of 2,2’bipyridine in homogenous catalysis. 
actions promoted by transition metal catalyst supported by chiral bipyridines is reported below. 
• Asymmetric cyclopropanation of alkenes 
xamples 




Chiral ligands with pyridine donors have been used since long and  are even nowadays among 




The asymmetric synthesis of cyclopropanes from alkenes by the addition of a carbene (typically 
derived from a diazo compound mediated by a copper(II) catalyst is among the earliest e
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 The reaction leads to two geometrical isomers (trans and cis) each of which exists as a pair of 
enantiomers. Initial studies with compound (22) demonstrated that when it has TMS group as 
substituent a resulting trans/cis ratio of 86 : 14  in favour of the trans isomer and an 
enantiomeric excess (ee) of 92%, using styrene and the tert-butyl diazoester, were obtained. 
Therefore the catalyst needs to control not only the enantio- but also the diastereo-selectivity of 
the process (Scheme 1). 
The catalysis is believed to occur on a copper(I) centre. Bipyridines generally stabilize the lower 






Scheme 1. Cyclopropanation of alkenes on copper(I). 
 
• Asymmetric alkylation of aldehydes 
 
Using a 6,6’-disubstituted C2-symmetric 2,2’-bipyridyl diol (24). Bolm et al.18 described the zinc 
mediated alkyl transfer to benzaldehyde (Scheme 2) with almost complete transfer of the 






                                                 
17 Ito, K.;  Yoshitake, M.; Katsuki T., Tetrahedron 1996, 52, 3905-3920. 
18 a)Bolm, C.; Zehnder, M.; Bur, D. Angew. Chem., Int. Ed. Engl., 1990, 29, 205-207; b)Bolm, C.; Schlingloff, G.; 
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 Scheme 2 
 
 
Scheme 2. Addition of diethylzinc to aldehydes. 
 
In the same catalytic process, Collomb and von Zelewsky obtained  similar results with ligand 
(23) (Scheme 2), and they also show the necessity to have bulky substituents on the bipyridine 
ligand in order to achieve reasonable stereoselectivity.19 
 
• Asymmetric hydrogenation and hydrosilylation 
 
Chiral diimine ligands have been investigated with respect to hydrogen transfer to ketones 
offering an alternative to direct hydrogenation with H2 (Scheme 3).20 As early as 1986, 6-
sustituted 2,2’-bipyridine (26) were screened as chiral ligand in the Rh-catalyzed asymmetric 
reduction of acetophenone by hydrogen transfer from isopropanol, giving low ee and moderate 
catalytic activties. 21 
 The behavior of chiral bipyridines roughly conforms to most obvious expectations: within the 
set of ligands bearing the same substituent, the stereoselectivity increases from 1.1 % to 7.2 % as 
the substituent is moved closer to the coordination site, while, within the set of 6-substituted 
alkyl derivatives, the bulkiest substituent is the most efficient. All bipy ligands favored the 
formation of (R) enantiomer, but the highest optical yield did not exceed 15%.21 
 
 
                                                 
19 Collomb, P.; von Zelewsky, A. Tetrahedron: Asymmetry 1998, 9, 3911-3917. 
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Scheme 3. General reaction scheme of hydrogen transfer reaction. 
 
Similar hold in the asymmetric hydrosilylation of acetophenone (Scheme 4). The reduced 






Scheme 4. Hydrosilylation of aldehydes on rhodium(I). 
 
• Asymmetric palladium catalysed allylic alkylation 
 
Allylic alkylations, consisting in the substitution of a suitable leaving group with a carbon 
nucleophile, have been extensively studied due to the importance of carbon–carbon bond 
formation in organic synthesis.23,24 
                                                 
22Botteghi,  C.; Schionato, A.; Chelucci, G.; Brunner, B.; Kürzinger , A.; Obermann, U. J.   Organomet. Chem. 
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Scheme 5. Allylic alkylation of rac-(E)-1,3-diphenylprop-2-enyl acetate on palladium(II). 
 
 
Traditionally, in the asymmetric catalysed allylic substitution of rac-(E)-1,3-diphenylprop-2-enyl 
acetate with dimethyl malonate, palladium(0) catalysts modified by diphosphine ligands have 
been explored as promoters the reaction. In the last decade however chelating nitrogen ligands 
have shown to outperform the phosphorus donors. Recently24h  Gladiali at Al. published  a work 
where bidentate ligands with different pyridine nitrogen donors featuring the [3,2-
b]ferrocenopyridine fragment (28) have been prepared in enantiopure form. The ligand were 
assessed in the Pd-catalyzed allylic alkylation of 1,3-diphenyl-2-propenyl esters with good 
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24 (a) Lötscher, D.; Rupprecht, S.; Stoeckli-Evans, E.; von Zelewsky, A. Tetrahedron: Asymmetry 2000, 11, 4341–
4357; (b)Helmchen, G. J. Organomet. Chem. 1999, 576, 203-214. (c) Trost, B. M.; Van Vranken, D. L. Chem. Rev. 
1996, 96, 395-422. (d) Reiser,O. Angew. Chem. 1993, 105, 576-578; Angew. Chem., Int. Ed. Engl. 1993, 32, 547-
549. (e) Hayashi, T. In Catalytic Asymmetric Synthesis; Ojima, Ed.; VCH: Weinheim, 1993. (f) Frost, C. G.; 
Howarth, J.; Williams, J. M. J. Tetrahedron: Asymmetry, 1992, 3, 1089-1122. (g) Dawson, G. J.; Williams, J. M. J.; 
Coote, S. J. Tetrahedron: Asymmetry 1995, 2535-2538. (h) Mroczek, A.; Erre, G.; Taras, R.; Gladiali, G. 
Tetrahedron: Asymmetry 2010, 21 , 1921–1927. 
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 1.2 Photocatalysis 
 
1.2.1 Basic Principles  
 
Recently, the community is considering moving from an oil-based economy to a hydrogen-based 
one due to the limitation of the earths’ reserve of fossil fuels. The current way to produce 
hydrogen is still via fossil fuels.   
 
 
The cleavage of the water into hydrogen and oxygen would be a perfect solution. A cheap 
alternative on the other hand would be sunlight. At this point photocatalysis can play an 
important role. Photocatalysis can be defined as follows: “A change in the rate of chemical 
reactions or their generation under the action of light in the presence of substances – called 
photocatalysts – that absorb light quanta and are involved in the chemical transformations of the 
reactants”. Typical “photocatalysts” or “photosensitisers” are semiconductor materials. There are 
many chemical compounds which can act as photocatalysts, but only a very few of them are 
photochemically and chemically stable semiconductor photocatalysts. Among several, one 
compound dominates: Titania (titanium dioxide) TiO2. 
A semiconductor has a manifold of electron energy levels filled with electrons – the valence 
band (VB) and also many higher energy levels that are largely vacant – the conduction band 
(CB). The energy difference between these two bands is called the bandgap energy (Ebg). A 




The usual form of a semiconductor photocatalyst in reaction (Eq. 4) is as particles of micrometre 
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Figure 14. Scheme of photcatalysis reaction supported TiO2 sphere. 
 
which are aggregates of nanocrystals. These particles are used either as a powder dispersion or 
layered to form thin films (typically, 100–10 000 nm thick). The basic features of such materials 
for promoting a general chemical reaction, are shown in Figure 14. After excitation with light of 
ultra-bandgap energy has created an electron-hole pair, the following reactions can occur: 
– Reduction of an electron acceptor A at the surface by a photogenerated electron 
– Oxidation of an electron donor D at the surface by a photogenerated hole, 
– Electron-hole recombination in the bulk or at the surface, which generates heat. 
Electron-hole recombination usually dominates semiconductor photosensitation so the overall 
process is often not very efficient (typically <1%) with respect to photons. 
Titania exists mainly as two crystalline forms, anatase and rutile. Titania is chemically and 
biologically inert, photostable, photoactive and cheap. The redox potentials of titania vary with 
pH, for anatase values as follows are given: ECB = –0.32 V, EVB= 2.91 V (vs. NHE and at pH 
0)The high bandgap energies (Ebg anatase 3.23 eV, rutile 3.02 eV) show the major drawback in 
using them as photocatalysts in that they only strong absorb UV light (rather than visible light). 
Titania only absorbs 2–3% of the solar spectrum so it is of limited use as a photosensitiser for 
any solar-driven system. Despite this, much research has been carried out on titania-based 
systems for water reduction, oxidation and splitting, as the photo-generated electrons and holes 
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 1.2.2 Photo-reduction and Photo-oxidation of Water. 
 
Present-day efforts to convert solar energy into fuel or chemical feedstocks aim at discovering 
appropriate catalysts for the following reactions  
– Reduction of water to hydrogen  
2 H+ + 2 e–                       H2 Er = –0.41 V (Eq. 5) 
where Er is the redox potential (with respect to the normal hydrogen electrode NHE in aqueous 
solution) at neutral pH. 
– Generation of oxygen from water  
2 H2O                      O2 + 4 H+ + 4 e–   Er = +0.82 V (Eq. 6) 
– Simultaneous generation of H2 and O2 from water  
2 H2O         hv         2 H2 + O2 (Eq. 7) 
If water is cleaved using a combination of the dielectronic reaction (Eq. 5) and the 
tetraelectronic oxidation (Eq. 6), the free energy required per electron is only 1.23 V, i.e. the 
sum of the redox potentials, taking regard of signs, for both reactions. 
In semiconductor photochemistry co-catalysts such as Pt or other transition metals are often 
used. These co-catalysts are deposited on the surface of semiconductor particles. They act as 
traps or wells for any photo-generated electrons that may accumulate. The co-catalysts are 
assumed to reduce the overall probability of electron-hole recombination and so increase the 
overall efficiency of the photo-system. In the absence of oxygen most platinum group metals will 
readily reduce water to H2. In this process, most metals stabilise the intermediate hydrogen 
atoms and catalyse their combination to form H2. For increased efficiency a sacrificial electron 
donor (D), such as EDTA or methanol, must be added to remove irreversibly any photogenerated 
holes or oxidising species, such as hydroxyl radicals, from the semiconductor surface. Therefore, 
most systems that overall photoreduce water to H2 utilise a sacrificial electron donor and an UV-
absorbing semiconductor photocatalyst. In water photooxidation by semiconductor 
photocatalysis, a sacrificial electron acceptor A, such as Fe3+ or Ag+ ions, is usually added to the 
system to prevent accumulation of any photogenerated electrons. Transition metal oxides, such 
as RuO2 or IrO2, which are established O2 evolution catalysts, are often deposited on the surface 
of the semiconductor catalyst to improve the efficiency of water oxidation. In the 1980s research 
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 1.2.3 Water Reduction  
 
Most photocatalysts are able to mediate water reduction to H2 by electron donors only if a 
catalyst is present. The system also works well if the catalyst, for example Pt black, is simply 
mixed in with the semiconductor in a finely divided form. The basic overall process can be 




The semiconductor is invariably TiO2 (anatase). 
There are now hundreds of photocatalyst systems for water reduction, some well-known electron 
donors and hydrogen generation catalysts are as follows: 
-     Catalysts for hydrogen evolution: Pt, Pd, Rh, Rh(bipy)3 3+, Ru(bipy)32+ 
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A Ru(bipy)3 2+ complex that acts as a photosensitizer is especially interesting, not only because it 
strongly absorbs visible light, but also because it possesses the appropriate redox properties and, 
in addition, it is known to undergo facile light induced electron-transfer reactions (Figure 15). 
The electron donor D is consumed in the process by a fast, irreversible decomposition of the 
oxidized D+ species formed in the process. Certainly the quantum yields for hydrogen evolution 
are very low (typically 2–4%), because sunlight contains little UV, as mentioned earlier. The 
semiconductor-sensitised photo-cleavage of water into hydrogen and oxygen can be summarised 
as follows (Equation 9): 
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where the H2 catalyst generation is usually Pt, and the O2 catalyst is RuO2 or nothing. The 






Figure 16. Scheme of water splitting H2 and O2 on supported TiO2 sphere. 
 
The latest systems  appear to work under visible light illumination without a noble metal-based 
H2 and/or O2 catalyst. There have been reported photocatalyst such as delafossite CuFeO2, 
without a separate H2 or O2 catalyst, or In/Ni/Ta-oxides coated with NiO, or RuO2 for visible-
light activated water-splitting processes. However, all reported water-splitting systems are 
controversial and require confirmation. 
Several requirements are to be met for developing a good photocatalyst for water cleavage.  
– The bandgap should be between 2.43 and 3.2 eV 
– The valence band should be lower than the oxygen oxidation potential 
– The conduction band should be higher than the hydrogen reduction potential 
– The aid of a co-catalyst for hydrogen generation is necessary 
– The photocatalyst must be able to split water in protons and hydroxyl anions 
– The generation of water from molecular oxygen and hydrogen must be reduced 
– Electron transport to the surface is necessary 
Further work is certainly required to create a reproducible, stable, efficient photo-system for 
water splitting. For all systems this is still a long way from commercialization but it is an 
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 In the last ten years homogeneous catalytic systems were developed in most cases consisting of 
two different organometallic complexes for the light absorption and the redox reactions as well 
as a electron relay.25,26  
Cyclometalated Ir(III) complexes, which possess greater ligand-field stabilization energy (LFSE) 
and  improved photosensitive properties and Pt(II) catalysts, either supported or colloidal, 
represent viable means for water splitting. 
To facilitate the transfer of reducing electron equivalents, an electron relay such as methyl 
viologen is typically employed. In 2007 Bernard’s27 group presented the first iridium-based 
catalytic system that uses a molecular photosensitizer (PS), colloidal metal catalyst, sacrificial 
reductant, and visible light to evolve substantial amounts of hydrogen in the absence of an 
electron relay species. (Figure 17). With respect to the water reduction catalysts (WRCs), to date 
most work has focused on noble metals such as rhodium, palladium, or platinum. Few example 
employing Fe-based WRCs are known.28 Sun and co-workers showed that light-driven water 
reduction is, in principle, possible with iron complexes, although the reported TON(Fe) of 4.3 
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25 B. M. Kirch, J.-M. Lehn, J.-P. Sauvage, Helv. Chim. Acta 1979, 62, 1345-1384. 
26 M. Ni, D. Y.C. Leung, M. K.H. Leung, K. Sumathy, Fuel Process. Techn. 2006, 87, 461-472. 
27 Tinker,  L. L.; McDaniel, N.D.; Curtin, P.N.; Smith, C.K.; Ireland, M.J.; Bernhard, S. Chem. Eur. J. 2007, 13, 
8726–  8732. 
28 a )Na, Y.; Wang, M.; Pan, J.; Zhang, P.; Kermark, B.L.; Sun  Inorg. Chem. 2008, 47, 2805–2810; b) Kluwer, 
A.M.; Kapre, R.; Hartl, F.; Lutz, M.; Spek, A.L.; Brouwer, A.M.; van Leeuwen, P.; Reek, J.N.H Proc. Natl. Acad. 
Sci. 2009, 106, 10460–10465. 
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Figure 17. A) A dual pathway mechanism through an oxidative and a reductive quenching mechanism is 
possible with the [Ir(ppy)2(bpy)]+ sensitizer for the photoreduction of water. B) The presence of a reductive 
quenching mechanism allows the photoreduction to occur in absence of an electron relay complex. 
 
An efficient system for homogeneous reduction of aqueous protons to hydrogen was 
discoveredby Beller29 et al. It consist of [Ir(bpy)(ppy-H)2]PF6 (ppy-H: phenyl pyridine) as the 
PS; Iron(0) carbonyl complexes as simple, cheap, readily available and abundant WRCs and 
triethylamine as SR. Clearly, the development of iron-based catalysts as a substitute for noble 
metals is of major interest in catalysis.30 Typically, they performed the catalytic reaction using 
the WRC precursor and [Ir(bpy)(ppy-H)2]PF6 in THF/TEA/H2O (8:2:2) solution under xenon 
light irradiation. In the presence of simple Iron(0) carbonyl complexes, the light-driven reduction 
of aqueous protons took place without addition of any ligand. The following scheme can be 
adapted to the newly developed catalytic system. In the catalytic cycle, electrons for the 
                                                 
29 Gӓrtner, F.; Sundararaju, B.; Surkus, A.E.; Boddien, A.; Loges, B.; H. Junge, Dixneuf, P.; Beller, M. Angew. 
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Weinheim, 2008, 125-142; b) Enthaler, S.; Junge, K.; Beller, M. Angew. Chem. 2008, 120, 3363–3367; Angew. 
Chem. Int. Ed. 2008, 47, 3317–3321. 
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 reduction of the iron WRC are provided by the reduced Ir PS. This species is generated by 






Figure 18. System for homogeneous reduction of aqueous protons. 
 
The  initial attempts for more benign WRCs focused on the use of various Co0, CoI, CoII, FeI, 
FeII, and FeIII precursors. All tests resulted only in low hydrogen production, and no stable 
catalytic systems were found. Control experiments without the addition of either SR, PS, or 
WRC clearly demonstrate that all three components are essential in the catalytic system. No 
hydrogen evolution or only traces were observed when either the sacrificial reagent TEA, the Ir 
PS, or iron carbonyl was not present in the mixture. 
Zhang and Sun (Figure 19) have recently demonstrated that the three-component catalyst system 
of [Ir(ppy-H)2(bpy)3]2+, and [{(μ-SCH2)2NCH2C6H5}{Fe(CO)3}{Fe(CO)2P(Pyr)3}] (Pyr = tris(N-
pyrrolyl)phosphine) is catalytically active for photoinduced H2 production with a turnover 
number (TON) of up to 86 based on the Ru photosensitizer and only 4.3 based on the diiron 
complex under optimal conditions.31 
Figure 19 
 
Figure 19. Catalyst system prposed by Sun and Zhang.  
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 Recently Crabtree32 moved to complexes with much more donating ligand sets to look for 
improved activity: this led to the discovery of (29 a-b) and (30) as highly active catalyst 






Figure 20.  PS (photosensitizer) used by Crabtree at Al. 
 
Water oxidation is an essential process for constructing an artificial photosynthetic apparatus for 
splitting water into H2 and O2, and a catalytic efficient system is essential. Different mononuclear 
and dimer complexs have been described: Ru(II), Ir(III), Fe(III). Because of the acid water 
environment these  complexes are to be quite robust.  Recently  two water  soluble Ir(III) 
complexes (Figure 21) have been introduced by Macchioni at al. as catalysts for water oxidation 
in combination with Ce(IV) as  sacrificial oxidant (Equation 10). 33 
 






                                                 
32  Hull, F.; Balcells, D.; Blakemore, J.D.; Incarvito, C.D.; Eisenstein, O.;  Brudvig, G.W.;  Crabtree, R.H. J. Am. 
Chem. Soc. 2009, 131, 8730–8731. 
33 Savini, A; Bellachioma, G.; Ciancaleoni, G.; Zuccacia, C.; Zuccaccia, D; Macchioni, A. Chemical 
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Figure 11. Soluble Ir(III) complexes for water oxidation with Ce(IV) as  sacrificial oxidant. 
 
Compound (32) and (33) afford TOF= 8.46±0.06 and TOF=15.72±1.08 respectivily which have 
to be compared with the TOF value 4.68±0.48 shown by (34). 
An elegant example of hydrogen evolution in homogeneous media has been published by 
Milstein at al.,34 which  describe a  solution-phase reaction scheme that leads to the 
stoichiometric liberation of dihydrogen and dioxygen in consecutive thermal- and light-driven 
steps mediated by mononuclear, well-defined ruthenium complex. The initial reaction of water at 
25°C with a dearomatized Ruthenium (II) [Ru(II)] pincer complex yields a monomeric aromatic 
Ru(II) hydrido-hydroxo complex that, on further reaction with water at 100°C, releases H2 and 
forms a cis- dihydroxo complex. Irradiation of this complex in the UV-Vis (320-420 nm) range 
liberates oxygen and regenerates the starting hydrido-hydroxo Ru(II) complex, probably by 
elimination of hydrogen peroxide, which rapidly disproportionates. Isotopic labeling experiments 
with H217O and H218O show unequivocally that the process of oxygen–oxygen bond formation is 
intramolecular (Scheme 6), establishing a previously elusive fundamental step toward dioxygen-
generating homogeneous catalysis. The addition of one equivalent of water to a solution of (23) 
in tetrahydrofuran (THF) at room temperature immediately led to ligand aromatization with 
quantitative formation of the trans hydrido-hydroxo complex (24). This compound is probably 
formed by a mechanism involving coordination of water at the vacant coordination site trans to 
the hydride ligand, followed by proton migration to the side arm. This unique water activation 
process involves cooperation between the metal and the ligand and no change in the metal 
oxidation state (Scheme 6). 
                                                 
34 Kohl, S.W.; Schwartsburd, L.W.; Konstantinovski, L.; Shimon, L.J.W.; Ben-David, Y.; Iron, M.A.; Milstein, D. 
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 Upon photolysis, complex (22) liberates hydrogen peroxide in a reductive elimination step which 
then catalytically disproportionate into O2 and water.  Labelling studies show that, if H2O2 is 
indeed an intermediate in the O2 generation process, then O2 is formed by two electron oxidation 
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The controlled synthesis of new and known polymeric materials represents a key issue for 
modern society and single-site metal promoted polymerization is a powerful tool to achieve the 
synthesis of macromolecules suited for well-defined applications. Indeed, this allows the fine 
tuning of microscopic features of the macromolecules, such as molecular weight and molecular 
weight distribution, the insertion of co-monomers, the stereochemistry and so on, which 
determine the macroscopic properties of the synthesized polymers and, in the end, their potential 
applications. As to the transition metal involved, homogeneous polymerization catalysts can be 
divided into two categories: catalysts based on early transition metals35 and catalysts based on 
late transition metals.36 Nitrogen-donor ligands are used to provide catalyst that have been 
applied in several polymerization reactions. Examples are homopolymerization of olefins,37 
copolymerization of olefins with CO,38 atom transfer radical polymerization,39 free-radical 
polymerization involving catalytic chain transfer processes.40 The copolymerization reaction of 
carbon monoxide with terminal alkenes (Scheme 8), or strained cyclic olefins leads to the 




          
 
Scheme 8. The copolymerization reaction of carbon monoxide with terminal alkenes. 
 
The use of 2,2’-bipyridine (bpy) and 1,10-phenanthroline (phen) in Pd-based catalytic systems 
for CO/styrene copolymerization was reported for the first time in the Shell’s patent literature. In 
                                                 
35 a)Brintzinger, H.H.; Fischer, D.; Mulhaupt, R.; Riger, B.; Waymouth, R.M. Angew. Chem. Int. Ed. Engl. 1995, 
34, 1143-1170; b)Kaminsky, W. Dalton Trans. 1998, 1413-1418;c) Kaminsky, W. Catal. Today 2000, 62, 23-30; 
d)Resconi, L.; Cavallo, L.; Fait, A.; Piemontesi, F. Chem. Rev. 2000, 100, 1253-1346. 
36 Coates, G.W.; Hustad, P.D.;  Reinartz, S. Angew. Chem. Int. Ed. 2002, 41, 2236-2257. 
37 Ittel, S.D.; Johnson, L.K.; Brookhart, M. Chem. Rev. 2000, 100, 1169-1204. 
38a)Milani, B.; Mestroni, G.; Comments Inorg. Chem. 1999, 20, 301-309; b) Bianchini, C. Meli, A. Coord. Chem. 
Rev. 2002, 225, 35-66; c) Belov, G.P. Novikova, E.V. Russ. Chem. Rev. 2004, 73, 267-291. 
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 a following more detailed study, Consiglio demonstrated that nitrogen-donor ligands were 
necessary to promote the synthesis of polyketones from aromatic olefins; while, when 
diphosphines were used, only E-1,5-diphenylpent-1-en-3-one, resulting from the 
monocarbonylation of styrene, was the product41 . The catalytic system based on phen ligand 
yielded the CO/styrene copolymer (Mn ≈2000) with a syndiotactic microstructure under a chain 
end control. In 1993, Sen et al. compared the catalytic activity of Pd complexes containing a 
phenanthroline or one of its substituted derivatives in the CO/olefin co- and terpolymerization 
reactions42. The catalytic systems consisted in the in situ catalyst formed, by co-dissolving a 1:1 
molar ratio of the dicationic [Pd(MeCN)4][BF4]2 and the phenanthroline ligand in a 
nitromethane/methanol mixture, in the presence of 1,4-benzoquinone (BQ). The comparison 
between ligands (42)-(43) in the CO/styrene copolymerization demonstrated that (42b), 
containing a nitro substituent in position 5, was the most efficient ligand, both in terms of 
productivity and stereoregularity (90% of the uu triad content, , whereas (42) led to the formation 
of an inactive complex due to the steric hindrance generated by the presence of the two methyl 
substituents in 2,9 positions (Figure 22). 
 
Figure 22 






Figura 13. 1,10-phenanthroline (phen) in Pd-based catalytic systems for CO/styrene copolymerization. 
 
 
The first well-defined precatalyst was reported by Brookhart et al. in 1992. He found that the 
monocationic, organometallic complex [Pd(Me)(MeCN)(N–N’)][BArF] (BArF=B(3,5-
(CF3)2C6H3)4), N–N’ either bipy or phen) promoted the CO/p-tBustyrene copolymerization in 
chlorobenzene, at room temperature, leading to the formation of syndiotactic polyketones.43 
                                                 
41 Barsacchi, M.; Consiglio, G.; Medici, L.; Petrucci, G.; Suter, U.W. Angew. Chem. Int. Ed. Engl. 1991, 30, 989-
991. 
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 In order to understand the factors that affect the catalyst stability,  different efforts were made.  
The first important breakthrough was achieved by changing the reaction medium from methanol 
to 2,2,2-trifluoroethanol (TFE). Actually, when the reaction is carried out in methanol the 
catalyst is deactivated after 14 h due to its complete decomposition to inactive palladium metal. 
On the other hand, when the reaction medium is trifluoroethanol, the catalyst is still active after 
24 h and negligible formation of palladium metal is observed,44 thus suggesting that the main 
difference between the two solvents is related to the catalyst lifetime, which is much longer in 
the fluorinated alcohol than in methanol. The ability of TFE to stabilize the active species allows 
the synthesis of polymers in high yields, even in the absence of BQ. It was thus possible to 
obtain polyketones of higher molecular weight, since the presence of the oxidant is known to 
reduce the length of the polymeric chain. Another important parameter affecting both the catalyst 
stability and the molecular weight of the polyketones obtained is the carbon monoxide pressure. 
In the presence of benzoquinone, carbon monoxide has a clear inhibiting effect: the productivity 
increases of almost three times when the CO pressure is decreased from 40 to 10 bar. Whereas, 
when no oxidant is present, CO is important both to ensure the catalyst stability and to obtain 
polyketones of higher molecular weight values. A remarkable, further improvement was 
obtained by using phenanthrolines substituted in position 3 by an alkyl group.45 Productivity and 
molecular weight values appear to be related to the steric hindrance of the alkyl group in position 
3 (Figure 23). 
Figure 23 
 
Figure 13. 3-alkyl-substituted phenanthroline. 
                                                 
44Milani, B.; Anzilutti, A.; Vicentini, L.; Sessanta o Santi, A.; Zangrando, E.; Geremia, S.; Mestroni, G. 
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 No catalyst decomposition is observed, thus allowing one to prolong the reaction time up to 96 h 
and to improve the olefin to palladium ratio up to 96 000. Under these reaction conditions, both 
the productivity and the molecular weight values achieved with the 3-tmp-phen-catalyst (45) are 
the highest numbers ever reported for the synthesis of both CO/styrene and CO/p-methylstyrene 
polyketones. These catalytic results should be related to the high stability shown by the active 
species containing the phenanthroline substituted in position 3 with a bulky alkyl group, in 
combination with the use of trifluoroethanol as reaction medium. Catalysis were carried out in 
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talysts. 
                                                
Recently, a study of the use of substituted bipyridine ligands for the copolymerization of p-tBu-
styrene with CO carried out in TFE showed that [Pd(N–N’)2][BArF]2 complexes containing 6-
alkyl-2,2’-bipyridines were inactive due to the presence of a sterically demanding group in the 
vicinal position. However, copolymers could be obtained using [Pd(bipy)(N–N’)][BArF]2 
catalyst precursors containing one  molecule of 2,2’-bipyridine and one of 6-alkyl-2,2’-
bipyridine. This observation indicated that the active species contains the moiety [Pd(bpy)]2+ and 
that the 6-alkyl substituted bpy acts as a poison of the catalyst.46 Unlike 6-substituted ligands, 
the presence of one or two methyl groups in position 5 of 2,2’-bipyridine led to a moderate 




The mechanistic aspects of the CO/olefin copolymerization reaction have been extensively 
studied and discussed. The catalytic cycle for a metal promoted polymerization reaction is 
comprised of three parts: the initiation, propagation and termination steps. In the case of 
CO/olefin copolymerization, palladium complexes containing nitrogen-donor ligands are well 
suited to be model compounds for understanding the intimate mechanism of this reaction, A 
schematic representation for the propagation steps of CO/styrene copolymerization is reported in 
Scheme 5. The propagation step present after the insertion of the olefin into the Pd–acyl bond a 
five-membered Pd-metallacycle originates from the interaction of the growing chain with the 
metal through the last inserted carbonyl group. This metallacycle is considered to be responsible 
for the perfect alternation of the growing chain in  the syndiotactic polyketone. The palladium 
intermediate formed after the insertion of carbon monoxide into the Pd–alkyl bond is a six-
 
46 Stoccoro, S. Alesso, G. Cinellu, M.A. Minghetti, G. Zucca, A. Bastero, A. Claver, C. Manassero, M. J. 
Organomet. Chem. 2002, 664, 77-84. 
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 membered Pd-metallacycle deriving from the interaction with palladium of the second last 
inserted carbonyl group of the growing chain. Another important discovery concerning the 
propagation step is related to the difference in the regioselectivity of the chain propagation mode 
in the CO/vinyl arene copolymerization catalyzed by complexes containing nitrogen ligands 
when compared to that occurring in the CO/propene polymerization promoted by diphosphine 
derivatives. Indeed, in the case of styrene, the olefin insertion takes place with a 2,1 mechanism 
with all the N–N’ ligands studied. 
Proposed reaction mechanism of copolymerization: a) activation step; b) insertion of the first two 
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 Analysis of the literature data indicates that CO/vinyl arene copolymers with a syndiotactic 
microstructure are easily accessible in high yield (close to 200 g CP/g Pd h) and with high 
molecular weight values (up to 300 000). As far as the synthesis of the corresponding 
polyketones with an isotactic microstructure is concerned, enantiomerically pure, nitrogen-donor 
ligands possessing C2-symmetry have to be applied. However, all the ligands tested generate an 
active species of limited stability and the isotactic polyketones are obtained only with rather poor 
yields and with molecular weight values not higher than 46 000. Therefore, a proper catalytic 
system able to promote the synthesis of the CO/vinyl arene copolymer with an isotactic 
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                                                                                                  Chapter 2 
Result and Discussion 
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2.1 Results and discussion. Water cleavage. 
 
2.1.1 Introduction.   
   
The synthesis of the bipyridine ligand and the novel Ir(III) complexes and their application in a 
photochemical system for the generation of hydrogen by water reduction under visible light or 
sunlight irradiation of aqueous solutions are described.  
 
2.1.2 Synthesis of the 2,2’-bipyridine ligands. 
 
• Synthesis 6-methoxy-2,2’-bipyridine 
 
 
The synthesis of 6-methoxy-2,2’-bipyridine was performed as described in literature
The  unsymmetrical compound has been synthesized by nucleophilic coupling of C-6 lithiated 2-
heterosubstituted pyridines with pyridine (46).47 This synthetic pathway appeared promising 
respect to others, for  the MeO- substituent group. A large quantity  of the base BuLi–LiDMAE 
as well as THF as trapping co-solvent were necessary to obtain the expected 2-methoxy-2,2’-
bipyridine (47) in good yield (Figure 24). The above determined conditions were used to 
perform reactions starting from 2-methoxypyridine. Gros at al. report 65% yield, but 





Figure 24. Synthesis of 6-methoxy-2,2’-bipyridine. 
                                                 
47 Gros P., Fort Y.J. Chem. Soc., Perkin Trans. 1998, 1, 3515–3516; c)  Gros P., Fort Y., Caubère P. J. Chem. Soc., 
Perkin Trans.  1997, 1, 3071-3080. 
 
 • Synthesis of 6-CN-2,2’-bipyridine. 
 
The synthesis of 6-CN-2,2’-bipyridine was more successfull. It was synthesized  following the 
procedure of Mayer at al.48 (Figure 25)The ligand was obtained starting from the purchased N’-
oxide-2,2’-bipyridine, in presence of TMSCN and benzoyl chloride (2eq.) and stirring overnight, 





Figure 25. Synthesis of 6-CN-2,2’-bipyridine. 
 
• The synthesis of 2-(pyridin-2-yl)-1,3,5-triazine 
 
We considered a old procedure for the synthesis of 2-(pyridin-2-yl)-1,3,5-triazine, but 
appropriate for our purpose (Figure 26).49 It was performed a room temperature in methanol and 
the product purified by column chromatography. The reaction is considered to be initiated by 
 nucleophilic attack of the amidine molecule at one of the electron-deficient carbon atoms of the 
triazine ring (Scheme 10). The resultant transient adduct (55) undergoes in tautomeric ring-chain 
equilibrium with (56). This is a symmetrical structure and recycles to form either (55)  or (57). 
Structure (57)  could then form a substituted sym-triazine (58)  by elimination of formamidine. 
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Figure 26.  Reaction mechnism of 2-(pyridin-2-yl)-1,3,5-triazine. 
 
• Synthesis of 6-alkyl-substituted  2,2-bipyridine ligands. 
 
The synthesis of 6-alkyl-substituted 2,2’-bipyridine ligands has been accomplished by adapting a 
procedure proposed by Chelucci at Al.50 The compound (60) was obtained by reaction between 
(59) and DMF-DMA. Was reacted with the appropriate enolate of suitable ketones  affording 
compounds (61). Cyclization with AcO-NH4+ under reflux lead to 2,2'-bipyridines (62) and (63) 
respectively with yield of 57% and 50%. They were purified by distillation (Scheme 11). 
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Figure  27 . 1HNMR of ligand  (62). 
 
• Synthesis of 6-Cl-2,2’-bipyridine. 
 
The procedure for the synthesis of 6-Cl-2,2’-bipyridine was the rearrangements of mono N-
oxides of 2,2'-bipyridine with phosphorus oxychloride (Scheme 12).51 The yield of the desired 
product is very low, because a 1:l mixture of 6-chloro-2,2'-bipyridine (64) and 4-chloro-2,2'-





Scheme 12. Synthesis of 6-Cl-2,2’-bipyridine. 
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• Synthesis of 6/6’- Ph-2,2’-bipyridine 
 
For the preparation of 6-phenyl-2,2'-bipyridine (65), 2,2'-bipyridine was reacted with 
phenyllithium at 0 °C in dry diethyl ether and the intermediate product was oxidized with 
potassium permanganate to rearomatize the pyridine ring. This procedure has led to high yields 






Scheme 13. Synthesis of 6-Ph-2,2’-bipyridine. 
 
 
The synthetic strategy adopted for the preparation of 6,6'-diphenyl-2,2'-bipyridine (66)  is similar 
to the synthesis of (65); 2.5 eq of phenyllithium were added to a solution of 2,2'-bipyridine in 
THF at –78 °C, raised to room temperature and then stirred at reflux for 3h (Scheme 14). 
Quenching with water and subsequent oxidation of the dihydro-intermediate gave the desired 





Scheme 14. Synthesis of 6,6’-Ph-2,2’-bipyridine. 
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 • Synthesis of a bulky bipyridine ligand: 6,6´-di-tert-butyl-2,2´-bipyridine 
 
Also, a 6,6’-alkyl substituted 2,2’-bipyridine has been synthesized, but it is not been yet use for 
sinthesized iridium(III) complexes. A general and selective copper-catalyzed cross-coupling of 
tertiary Grignard reagents (tButMgCl) with chloro-azacyclic electrophiles (2,6-chloropyridine) 
procedure was used.53  The addition of a catalytic amount (3–5 mol%) of copper(I) iodide led to 
a selective catalytic cross-coupling (Scheme 15). Limiting the amount of the Grignard reagent 
and lowering of the reaction temperature led to selective monoalkylations of 2,6-chloropyridine 
(67). The reaction profile includes a peculiar specificity for tertiary Grignard reagents; analogous 
reactions of with either secondary alkyl (isopropyl, cyclohexyl) or aryl nucleophiles gave 
mixtures containing monosubstituted, disubstituted, dehalogenated, or reductively coupled 
products, in addition to unreacted starting material. A nickel-catalyzed reaction afford the ligand 
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 2.1.3 Synthesis of Cyclometallated Iridium(III) Complexes. 
 
Cyclometallated Ir(III) complexes (Figure 28) were synthesized with the ligand above 
described, and their properties investigated. Dimer tetrakis-(C-N)-μ-(dichloro)-diiridium(III) was 
prepared from IrCl3•H2O and the appropriate cyclometalating ligand (C-N). Cleavage of the 
dimer with the bipyridine ligand, followed by Cl/PF6 exchage, afforded cationic iridium 
complexes of general formula {[Ir(C-N)2(N-N’)]PF6}. This procedure allowed the efficient 




Figure 28. Structure of Ir(III) PS sinthesized. 
 
2.1.4 Cyclometalated Ir(III) dimers. 
 
The synthesis of the cyclometallated Ir(III) dimers as precursors for the [Ir(C-N)2(N-N’)]+[PF6]-
complexes was performed according to the literature.54 [Ir(phpy-H)2(μ-Cl)]2 (73) was prepared 
from iridium(III) chloride hydrate and 2-phenylpyridine (ppy-H) which were refluxed in a 
mixture of 2-ethoxyethanol and water (3:1 v/v) for 24 h (Scheme 16). Upon cooling the solution 
to room temperature, the product precipitated. It was collected by filtration, washed with water 
and diethyl ether and dried in vacuo. Yield 70-90%. 
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 A review of the X‑ray crystal structures reported in the literature55 show that in this type of 
compounds the Ir–C bond exerts a significant trans-effect which favours the formation of the  
isomer where the C- and N-donor atoms lie trans to each other Although two other isomers 
which are enantiomers are potentially formed (Figure 29), they are not distinguishable in NMR 











Figure 29. Racemate of [Ir(C-N)2(μ-Cl)]2 which is potentially formed in the synthesis of the cyclometalated 
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 Figure 30 shows the 1H-NMR of the cyclometallated Ir(III) dimer (73): the number and splitting 
pattern of the signals confirms the presence of a single species. Upon coordination to the metal 
the proton H6(B) of the ligand , next to the coordinated carbon atom, exhibits a dramatic high-
field shift, whereas proton H6(A), neighbouring the N atom, exhibits a shift in the other direction 
(Figure 30). As will be shown later, (Figure 33), the latter proton shifts further upon 
coordination of the metal with an N,N'-ligand, making this signal a diagnostic probe for changes 




Figure 30. 1HNMR spectrum of (73) complex. 
 
By applying the procedure described above, dimers (73) was synthesized as well. Purification of 
complex [Ir(bzq-H)2(μ-Cl)]2 (74) proved more difficult than that of the other compounds,  
unfortunately it is not already tested (Figure 31). However washing of the crude product with a 
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 Figure 31 
 
 
Figure 18. Structures of dimers (74)  synthesized. 
 
2.1.5 Cationic Cyclometalated Ir(III) complexes. 
 
 The heteroleptic Ir(III) complexes (71 a-f) and (72) were prepared by reacting the corresponding 
[Ir(C-N’)2(μ-Cl)]256 precursor with two equivalents of the desired N,N’-ligand in a mixture of 
dichloromethane and ethanol (2.5:1 v/v) overnight affording the complex {[Ir(C-N)2(N-N’)]Cl} 
as the corresponding chloride salt. By adding excess NH4PF6 to the solution, the desired [PF6]- 
salts could be isolated, in most cases in quantitative yields, by filtration. The crude salts were 




Scheme 17. Synthesis of Ir(III) cationic complexes. 
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 Several cyclometalated Ir(III) complexes of general formula [Ir(phpy-H)2(N-N’)][PF6] (Table 1) 
were prepared by reaction of [Ir(ppy-H)2(μ-Cl)]2 (73) with different 6- and 6,6’-substituted 
bipyridines and their Ir(III) complexes in order to investigate the influence of different 
substituents on the photophysical and electrochemical properties of the corresponding PSs.  
Ir(III) complexes bearing different combinations of C,N-ligand and N,N’-ligand have been 
reported in the literature.57 An overview of the complexes prepared by Bernard at al. is shown in 
Figure 32. Within this set of complexes, only 5,5’- and 4,4’-substituted bipyridines were 







Figure 32. Ir(III) PS prepared by Bernard at Al. A) C-N ligands used to prepare [Ir(C-N)2(bpy)]+ and [Ir(C-
N)2(dtbbpy)]+ complexes; B) neutral ligands used to prepare [Ir(ppy-H)2(N-N’)]+ and [Ir(ppy-H)2(P-P)]+ 
complexes; C) N-N’ ligands used to prepare [Rh(N-N’)3]3+ complexes.  
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 Figure 33 
 
 
Figure 33. 1HNMR spectrum of (70) complex. 
 
The most striking feature of this series of complexes is their colour. Most of the complexes are 
orange-yellow with complex (71b) being the darkest of the series being light red. Complex (71g) 
has a greenish colour. 1HNMR spectrum of compound (70) is shown in Figure 33. Interestingly, 
the most downfield proton H6 (bpy) in the free bpy-ligand was shifted upfield in the complex 
and H3(bpy) is then the highest peak in the complex. Likewise, proton H6(B) in the complex, 
next to the N-donor atom in the cyclometallated ligands, underwent a dramatic shift compared to 
the corresponding peak in the Ir(III) dimer (73) from δ 9.30 to 7.54 ppm ( Scheme 16; compare 
Figure 30 with Figure 33). Preparation of complex  [Ir(C-N’)2 (75) ]+ (Figure 34) (reaction 
conditions: ligand (75)/Ir (73) 2:1  in CH2Cl2/ethanol 3:1 at r.t. overnight)  failed, probably due 
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Figure 34. 1HNMR spectrum if the ligand (47). 
 
2.2  UV-Vis analysis of cationic complexes . 
 
THF solutions of the synthesized Ir(III) PS complexes were prepared and their UV-Vis spectra 
recorded. For each complex, up to four different concentrations were tested.  All complexes 
show very similar λmax and the recorded values are in line with that reported for [Ir(ppy-
H)2(bpy)][PF6]. The strong absorption bands in the ultraviolet region, measured at about 190–
260 nm, are assigned to the spin-allowed intra-ligand 1π–π* transitions. The next lower energy 
absorption in the shoulder region of the 3π–π* transitions at about 260–310 nm can be ascribed to 
the typical spin-allowed metal-to-ligand charge-transfer (MLCT) transition, with typical 
extinction coefficients in the range of 4500–8900 M-cm-1. The colour of the complexes is mainly 
related to the lowest-energy MLCT transition,a weak and broad absorption at around 470 nm 
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 Graph1 
 



















Graph 1. UV-Vis  spectra of compound (71a-f) and (72). 
 
2.2.1 Crystal structures. 
 
Obtaining single crystals from the Iridium complexes proved a difficult task: crystals were 
grown into an NMR tube by slow diffusion of diethyl ether into a solution of the compound in 
DMSO-d6.  Crystals suitable for X-ray analysis were collected only for complex (71a). 
The cation exhibits a near-octahedral geometry with trans-angles between the donor atoms of 
170°–103° and “bite angles” of the coordinating ligands ranging from 75 to 100°. All bond 
lengths of the donor atoms to the metal centre are comparable, the two Ir-Nbpy being slightly 
longer. Overall, the lengths of the six M-donor atom bonds are very similar to those present in 
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 Figure 35 
 
 
Compound (71a): C(1)- Ir 2.019, C(2)-Ir 2.008, Ir-N(1) 2.046, Ir-N(2) 2.046, Ir-N(3) 2.151, Ir-N(4) 2.186, C(2)-
Ir-C(1) 86.07(19), C(2)-Ir-N(1) 94.96(18), C(1)-Ir-N(1) 80.45(19), C(2)-Ir-N(2) 80.55(18), C(1)-Ir-N(2) 
93.70(18), N(1)-Ir-N(2) 172.91(16), C(2)-Ir-N(3) 95.31(19), C(1)-Ir-N(3) 178.17(18),N(1)-Ir-N(3) 98.20(17), 
N(2)-Ir-N(3) 87.73(16), C(2)-Ir-N(4) 170.38(19), C(1)-Ir-N(4) 103.36(18), N(1)-Ir- N(4) 88.61(16), N(2)-Ir-N(4) 
96.69(16), N(3)-Ir-N(4) 75.31(18).  
 
 
Some complexes have been characterized by means of electrospray mass spectrometry (ESI-MS) 
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 2.3 Catalytic cycle. 
 
The photochemical system  comprises the following components: a photosensitizer (PS) for 
visible light absorption (the [Ir(ppy-H)2(N-N)]+ complexes synthesized), an electron donor (SR) 
[triethylamine (TEA)]  which provides the electrons for the reduction process, and a redox 
catalyst (WRC) [Iron(0) complex], that promotes  the generation of molecular hydrogen. The 
process contains two catalytic cycles: an Iridium  cycle and an Iron cycle. 
A mechanism for the photocatalytic proton reduction promoted by Iron carbonyls WRCs has 
been proposed by Sun and Akermark when thiolate-bridged Fe(I)-Fe(I) dimers are used. 58 
The electrochemical properties of [Fe(CO)5] and [Fe3(CO)12] in THF show that in the presence 
and absence of water  [Fe3(CO)12] degrades to mononuclear [Fe(CO)5] and other iron carbonyl 
compounds59. A reduction peak at 1.8 V versus Ag/AgCl for the [Fe(CO)5] species is observed 
(Figure 36). [HFe(CO)4]- is likely formed by electrochemical reduction of [Fe(CO)5] in the 
THF/water mixture. In the catalytic cycle, electrons for the reduction of the iron WRC are 
provided by the reduced Ir PS-. This species is generated by photoexcitation of Ir(III) PS and 
subsequent reduction with TEA as SR (Scheme 18) which  has been used  in combination with 
iridium sensitizers as the final electron source60. The oxidative degradation pathways of tertiary 
amines has been studied previously and different radical and cationic species, including the 




                                                 
58 Na, Y.; Wang, M; Pan, J.;  Zhang, P.; Akermark, B; Sun, L. Inorg. Chem. 2008, 47, 2805–2810. 
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60 a)Goldsmith, J.I.; Hudson, W.R.; Lowry, M.S.; Anderson, T.H.; Bernhard, S. J. Am. Chem. Soc. 2005, 127, 7502–
7510; b) Tinker, L. L.; McDaniel, N. D.; Curtin, P. N.; Smith, C.K.; Ireland, M.J.; Bernhard, S. Chem. Eur. J. 2007, 
13, 8726–8732; Cline, E.D.;c) Adamson, S.E; Bernhard, S. Inorg. Chem. 2008, 47, 10378 – 10388; d) Tinker, L. L.; 
Bernhard, S. Inorg. Chem. 2009, 48, 10507–10511; e) Curtin, P.N. ; Tinker, L.L.; Burgess, C.M.; Cline, E.D.; 
Bernhard, S.;  Inorg. Chem. 2009, 48, 10498–10506.  
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Already in the first studies on the topic, tertiary aliphatic amines have traditionally been 
employed as the SR in photocatalytic systems for water reduction.61 The oxidation peak 
potential for TEA at pH 12 in water is reported to be 0.69 V (vs SCE).62 Following the initial 
one-electron oxidation, the TEA+ radical cation is rapidly deprotonated and undergoes a shift of 
the umpaired electron to the carbon of the alkyl substituent. This neutral carbon radical species is 
expected to be highly reducing, and a second oxidation forms the iminium cation, which is 
hydrolyzed to form DEA and acetaldehyde with concomitant release of a proton (Equation 11-
12). Thus, each TEA is capable of donating two electrons and two protons. Rapid conversion of 
the oxidized TEA species prevents any possible back reaction between the oxidized TEA species 
and the reduced PS or WRC
During the course of the photoreaction the pH and composition of the solvent may gradually 
change as a result of the degradation of TEA or water reduction, potentially leading to a 
substantial change in reaction conditions when the system achieves high TON. As proven by 
isotope labelling experiments, the protons from water are reduced in the dark cycle to produce 
hydrogen, yet these protons are replenished during the dielectronic reduction and degradation of 
TEA. Thus, the net change in reaction condition is the partial conversion of TEA to DEA, which 
have similar pKa values, and the consumption of 1-2% of the water present. To ensure that 
sufficient TEA is still available at all time during the reaction, the dependency of  
turnovernumber on TEA concentration was studied. From the resulting hydrido iron carbonyl 





61 a) Ross, S.D. Tetrahedron Lett. 1973, 14, 1237–1240; b) Cohen, S.G.; Parola, A.; Parsons, G.H. Chem. Rev. 1973, 
73, 141–161; c) DeLaive, P.J.; Foreman, T.K.; Giannotti, C.; Whitten, D.G. J. Am. Chem. Soc. 1980, 102, 5627–
5631. 
62 Chow, Y. L.; Danen, W. C.; Nelsen, S. F.; Rosenblatt, D.H. Chem. Rev. 1978, 78, 243–274. 
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 Figure 36 
 
Figure 36. Cyclovoltammogram of Fe(CO)5 (1.0 mM) in THF [0.1 M (Bu4N)+(PF6)-], room temperature, scan 
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 2.3.1 Structure-Activity Relationships. 
 
 The promising preliminary results for the Ir-Fe system warranted further investigation but the 
complicated nature of multicomponent photocatalytic systems makes the improvement of such 
systems through the study of their physical properties a nearly impossible task. To make rapid 
improvements, synthetic modification was used to develop a group of catalysts with molecular 
diversity. The heteroleptic Ir(III) PSs are perfectly suited for synthetic tuning because ligand 
substitutions on the cyclometalating and neutral ligands allow the energy of the highest occupied 
(HOMO) and lowest unoccupied molecular orbitals (LUMO) to be modified independently. The  
Ir PSs and seven Fe(0) WRCs were evaluated under the following experimental conditions: 1.4 
µmol Ir-PS, 6.2 µmol [HTEA][HFe3(CO)11], 10 mL THF/TEA/H2O (8/2/2), 1.5 W lamp  
irradiation (Xe-light); 
The different behaviours of the novel photo-sensitizers are shown in the Graph 3. Although the 
hydrogen’s volume evolved over the 3 h time interval is reduced as compared to the reported 
standard conditions31 , the life time of the catalyst increased from 3h till 7 h  and this result is the 
first obtained with Iron (0) carbonyl catalytic system.  Complex (71d) [Ir (ppy-H)2(bpy)][PF6], in 
which the bipyridine ligand bears an iPr-group in the 6-position (Figure 37), provides the 
highest TON and TOF (Table 2), really similar results where obtained with complexes (71d1) 
while complexes (71a) and (71b) with a –OMe and –CN 6-substituted bipyridines respectively 
afford the least active catalytic systems.  
The improved life-time of the photo-sensitizers might be ascribed to the presence of a substituent 
in the 6-position of the bipyridine ligand, the electrondonatig properties of iPr and secBu group 
problably strengthens the bond Ir-N (of substituted bipyridine ring). An other one reason can be 
attribute to the role of isopropyl and secBu group, in the structure; infact it should be costrected 
in a particular geometrical position which prevents the dissociation of the latter from the metal.  
In order to improve the activity of Ir(III) PS, complex (71c), containing the electron-rich ligand, 
was prepared. We supposes that a strong electrodonating ligand as the compound (58) could be 
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Graph 2. Typical gas evolution curve for the Ir-PS/Fe3(CO)12 water reduction system; conditions: 18.5 μmol 
Fe, 7.5 μmol[Ir(phpy)2(N-N’)][PF6], 10 mL THF/H2O/TEA (8/2/2), 300 W Xe-lamp, 25 °C. 
 
Table 2 
Entry Structure TON Ir-PS max TON [HTEA][HFe3(CO)11] WRC max
1 (16d)[ Ir(ppy-H)2(6-iPr-bpy)][PF]6 1840 209 
2 (16d1)[ Ir(ppy-H)2(6-secBut-bpy)][PF]6 1830 209 
3 (16e) [ Ir(ppy-H)2(6-Cl-bpy)]PF]6 1684 191 
4 (15) [ Ir(ppy-H)2(bpy)][PF]6 1592 180 
5 (17a) [ Ir (ppy-H)2(6,6´-Ph-bpy)][PF]6 1554 177 
6 (16f) [ Ir (ppy-H)2(6-Ph-bpy)][PF]6 1526 173 
6 (16b) [ Ir (ppy-H)2(6-CN-bpy)][PF]6 1366 155 
7 (16a)[ Ir(ppy-H)2(6-OMe-bpy)][PF]6 1359 154 
 
Conditions: 1.4 µmol Ir-PS, 6.2 µmol [HTEA][HFe3(CO)11], 10 mL THF/TEA/H2O (8/2/2), 1.5 W lamp  
irradiation (Xe-light); no filter; d=10 cm; 25 °C, until gas evolution ceased; TON Ir-PS = n(H)/n(Ir-PS);  [c]: 
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 2.4 Conclusions.  
 
New Ir(III) complexes having the general formula [Ir(phpy-H)2(N-N’)][PF6] have been prepared 
to be employed as photo-sensitizers in the visible light-induced production of hydrogen from 
water. Screening of ligands and reaction conditions has allowed to identify an optimal catalyst 
combination of [HTEA][HFe3(CO)11] and [Ir[(ppy-H)2(6-iPr-bpy)][PF6]. By proper modification 
of the ancillary ligands it was possible to extend the lifetime of the photo-sensitizer in the 
catalytic cycle in the presence of Fe(0) carbonyl and, to the best of our knowledge, these results 
are superior to those achieved with any other homogeneous photocatalytic system for water 
reduction based on Iron WCR. 
Future work will focus on the optimization of the water splitting systems in order to improve the 
efficiency of the Ir (III) PS complexes while preserving the long lifetime achieved. 
Photophysical and electrochemical characterization of the new complexes show that by using the 
Rh o Ir-WRC the reductive quenching pathway provides the necessary driving force to 
efficiently reduce water.. Ongoing investigations into the complex mechanistic details of the Ir-
Fe systems will aid the design of more robust catalysts. In order to develop a complete water-
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                                               Chapter 3 
             Results and Discussion. 
                                      Pd-catalyzed CO/Styrene 
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 3.1 Copolymerization CO/Styrene catalyzed by Pd/6-alkyl-
substituted bipy. 
3.1.1 Introduction 
During the last two decades considerable interest has been focused on the synthesis of perfectly 
alternating carbon monoxide/alkene copolymers. This reaction is homogeneously catalyzed by 
Pd(II) complexes containing a wide array of bidentate ligands including bidentate phosphine 
donors, bidentate nitrogen donors, hybrid phosphorus-nitrogen systems and phosphino-phosphite 
ligands. Reaction conditions have been systematically varied in order to improve the efficiency 
of the process: influence of the CO pressure, temperature and solvent have been investigated. 
Copolymerization is feasible in alcohols, aromatic solvent, water and less conventional media 
such as ionic liquids and supercritical CO2. The presence of co-reagents, like 1,4-benzoquinone 
(BQ), or co-catalysts, such as Bronsted acids, is often beneficial. The choice of the best reaction 
condition depends both on the nature of the palladium complex used as precatalyst and on the 
nature of the alkene used as co-monomer.  
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 Ligand bdompp-S has proved extremely efficient for this process and the copolymer of 
CO/ethene/propene has been commercialized under the trademark of Carilite Oligomer (77) 
(Scheme 19).63 Thanks to the chemical reactivity of the ketonic function, Carilite Oligomers can 
be cured in different ways, leading to Carilite and Cariverse resins, which have found various 
applications, i.e., as glues for wood composites and as electronic packaging, respectively. 
When the copolymerization reaction of carbon monoxide/alkene is promoted by Pd(II) catalysts 
modified by bipyridine ligands, it has been observed that substituents on the ligand have a 
remarkable effect on the catalyst performance and on the properties of the synthesized 
macromolecules64 In particular, when the positions adjacent to both nitrogen donors are 
substituted, the activity of the relevant palladium complexes in the CO/vinyl arene 
copolymerization is completely suppressed. This is likely due to the steric hindrance generated 
by the substituents.  
 
3.1.2 Synthesis of ligands and complexes. 
 
In order to investigate the influence of ligand substitution on the efficiency of Pd(II)-catalysts for 
the carbonylation of olefines, a few 6-alkyl-substituted-2,2’-bipyridines have been synthesized: 
among these 6-isopropyl-2,2-bipyridine (62), in both racemic and enantiopure form, and rac-6-
sec-butyl-2,2’-bipyridine (63). Ligands (62) and (63) are known compounds which however had 
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63 a)Drent, E.; Keijsper, J. J. US Patent 1993,5225523; Mul, W.P.; b)Dirkzwager, H.; Broekhuis, A.A.; Heeres, H.J.; 
Van der Linden, A.J.; Orpen, A.G., Inorg. Chim. Acta 2002, 327, 147-159;c) Chang, B. T. A.; Dubois, D. A.; Fan, 
M.; Gelles, D. L.; Iyer, S. R.; Mohindra, S.; Tutunjian, P. N.; Wong, P. K.; Wright, W. J. In CARIVERSE Resin: A 
thermally reversible network polymer for electronic application, 49th Electronic Components and Technology 
Conference, 1999, 49-55. 
64a)Bastero, A.; Claver, C.; Ruiz, A.; Castillon, S.; Daura, E.; Bo, C.;Zangrando, E. Chem.;Eur. J. 2004, 10 (15), 
3747–3760. b) Scarel, A.; Milani, B.; Zangrando, E.; Stener, M.; Furlan, S.;Fronzoni, G.; Mestroni, G.; Gladiali, S.; 
Carfagna, C.; Mosca, L.Organometallics 2004, 23, 5593–5605; c) Durand, J.; Zangrando, E.; Stener, M.; Fronzoni, 
G.; Carfagna,C.; Binotti, B.; Kamer, P. C. J.; Muller, C.; Caporali, M.; van Leeuwen, P. W. N. M.; Vogt, D.; Milani, 
B. Chem.;Eur. J. 2006, 12, 7639–7651. 
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Figure 38. Synthetic pathway of ligand (62) and (63). 
 
In this work their preparation has been more conveniently accomplished by adapting a more 
expedient and better yielding methodology utilized for the preparation of alkylsubstituted 
terpyridines (Figure 38).52  
Cationic Pd(II) complexes [Pd(CH3)(CH3CN)(N-N’)][PF6] (62b)-(63b) and [Pd(CH3)-(N-
N’)2][PF6] (62c)-(63c) have been prepared and characterized. A common precursor for the 
synthesis of these compounds is [Pd(CH3)(Cl)(N-N’)]. The latter was prepared starting from 
[Pd(CH3COO)2] according to the procedure reported in Scheme 20. 65  Halogen abstraction from 














(62a): N'-N = 62
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65 a) Rülke, R. E.; Ernsting, J. M.; Spek, A. L.; Elsevier, C. J.; Van Leeuwen, P. W. N. M.; Vrieze, K., Inorg. Chem. 
1993, 32, 5769-5778; b) Groen, J. H.; Delis, J. G. P.; van Leeuwen, P.; Vrieze, K., Organometallics 1997, 16,, 68-
77; c) Milani, B.; Marson, A.; Zangrando, E.; Mestroni, G.; Ernsting, J. M.; Elsevier, C. J., Inorg. Chim. Acta 2002, 
327, 188-201. 
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 Whereas complexes (63a) and (62a-b) are stable in dichloromethane for days at room 
temperature,  complex (63b) evolves toward a new species shortly after dissolution, the 
conversion being complete in 5 h. The new species (isolated in 95% yield) has been fully 
characterized both in solution via NMR and in the solid state by X-ray analysis and corresponds 



















Figure 39.  Structure of complex (61b’) cyclometalated. 
 
The cyclopalladation takes place even on the neutral complex (63a) in the absence of solvent 
However, in this case the reaction affords dinuclear chloride-bridged species (63a') as the unique 




Figure 40.  Structure of complex (63a’) cyclometalated. 
 
 The cyclopalladation reaction results from the activation of the C-H bond at the methyl group of 
the sec-butyl substituent in the monocationic complex (63b) according to a first order kinetic law 
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 (Figure 41). The transfer of the proton to the methyl bonded to palladium leads to the formation 
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The cyclopalladation of 6-alkyl-substituted-bpy ligands proceeds easily from the cationic or 
neutral complexes where the bpy is coordinated as a bidentate chelating ligand, whenever it 
allows the formation of a five- or six-membered-ring metallacycle. (63a’) can be easily 








Scheme 21.  Synthesis of Pd complexes (62c) and (63c). 
 
By treatment with an excess of N-N' ligand, the monocationic derivatives (62b)-(63b) release the 
coordinated acetonitrile giving the complexes [Pd(CH3)(N-N')2][PF6] (62c)-(63c) where one 
more unit of N-N' ligand is coordinated to palladium (Scheme 21).3 These palladium-
organometallic complexes add to the very few reported so far which contain two molecules of 
bidentate nitrogen ligands such as [Pd(N-N’)2(L)][X] (with N-N’ = Ar-BIAN, phen and its 





















62b: N'-N = 62a
63b: N'-N = 63a
62c: N'-N = 62b





66 a) Groen, J. H.; Delis, J. G. P.; vanLeeuwen, P.; Vrieze, K., Organometallics 1997, 16, (1), 68-77; b) Milani, B.; 
Marson, A.; Zangrando, E.; Mestroni, G.; Ernsting, J. M.; Elsevier, C. J., Inorg. Chim. Acta 2002, 327, 188-201; c) 
Garrone, R.; Romano, A. M.; Santi, R.; Millini, R., Organometallics 1998, 17, 4519-4522. 
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Figure 41.  First order kinetic transformation of (63b) into (63b'): a) variation of molar concentration of 
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3.2 NMR and X-Ray characterization of Pd(II) complexes.  
 complex (63a) the palladi re planar coordination geometry with 
ond lengths and angles with plexes (Figure 
2). In agreement with the nt, the Pd-N2 bond located trans 
 it is remarkably longer th lex the coordination plane forms a 
ihedral angle of ca. 18° bet ane through the bpy rings likely in order to avoid 




Figure 42. Complex (63a): Pd-N(1) 2.055(6), Pd-N(2) 2.253(4), Pd-Cl(1) 2.304(2), Pd-C(11) 2.026(6), N(1)-Pd-
N(2) 78.1(2), N(1)-Pd-Cl(1) 177.48(14), N(2)-Pd-Cl(  103.63(14), C(11)-Pd-N(1) 92.2(3), C(11)-Pd-N(2) 
169.5(2), C(11)-Pd-Cl(1) 85.9(2). 
 
he complexes were synthesized using the racemic ligand and, as expected, both complexes 
ontaining either one or the other enantiomer of the ligand are present in the centrosymmetric 
. 
or all complexes the number of signals and their integration confirm the coordination of the 
gand in a nonsymmetric environment and indicate the presence in solution of only one species. 
he Pd-CH3 resonance falls in the range 0.90-1.40 ppm, which are typical values for this signal 
ous plexes (Figure 43). 
 
 
In um ion attains the usual squa
in the typical range found for analogous Pd(II) com
trans influence of the Pd-CH3 fragme
an the Pd-N1 one. In the comp






complexes the isomer detected in the unit cell is featured by the Pd-CH3 bond trans to the 
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Figure 43. 1H NMR spectra in CD2Cl2 at room temper ure of: (a) (63b'); (b) (63b).  
 
For complexes (63a) and (63b), NOE experime s performed upon irradiation of the H60 signal 
indicate the cis relationship between H60 and the Pd-CH3 group, which consequently is trans to 
the more basic N-donor atom. This is in agreement with the solid-state structures. This 
arrangemnt of ligands is different from what found in Pd(II)-methyl complexes with 
nonsymmetric bidentate nitrogendonor ligands reported in the literature which feature the methyl 
roup trans to the N atom with a lower Lewis basicity.67  
















(63b)    a) 











67 Bastero, A.; Ruiz, A.; Claver, C.; Milani, B.; Zangrando, E., Organometallics 2002, 21, 5820-5829. 
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 (63b’) 
                 
2) 
.4(3), N(1)-Pd-C(11) 97.8(4), C(11)-Pd-N(2) 176.3(4), N(1)-Pd-N(3) 175.7(3), N(3)-Pd-N(2) 97.3(4), C(11)-Pd-
l(1) 85.38(14) 
 (63b’) the bpy acts as a terdentate ligand toward the palladium ion, through the C11 of the 
ec-butyl group. The metal sits in the expected square-planar coordination geometry, the fourth 
osition being occupied by acetonitrile. The six-membered ring shows a puckered 
onformation,where Pd, N1, C1, and C11 are essentially coplanar (max. deviation of 0.08A ° for 
1), and C12 and C13 lie 0.35(2) and -0.53(2)A ° below and above the plane, respectively. 
he NMR characterization of (63b’) is in agreement with the solid-state structure: the signal for 
e CH3 bonded to Pd is missing, the multiplet of the -CH2 bonded to CH appears split into two 
ell-separated multiplets, and two additional methylenic resonances (1.51 and 0.88 ppm) are 
resent in place of the methyl of the sec-butyl substituent of (63b) at 0.89 ppm. 
he X-Ray structure of the dinuclear chloride-bridged species (63a') is reported in Figure 45.  
 































Figure 45. (63a'), Pd-N(1) 1.999(9), Pd-N(2) 2.104(14 l(1) 2.337(3), Pd-C(11) 1.982(18), N(1)-Pd-N(2) 
78.6(5), N(1)-Pd-Cl(1) 174.0(4), N(2)-Pd-Cl(1) 95.8(4), C(11)-Pd-N(1) 96.8(8), C(11)-Pd-N(2) 175.2(8), C(11)-
Pd-Cl(1) 88.8(7). 
 
The X-ray analysis of (63a’) shows that the bp  acts as a terdentate ligand toward both metal 
centers and that the two fragments are oriente ost orthogonally to each other, forming a 
dihedral angle of 82.3(4) between the coordina ean planes. The geometry and the lengths 
of the two Pd-N and Pd-C bonds are similar to those of complex (63b’).  
The NMR characterization of (63a’) was performed in CD2Cl2 solution. At room temperature 
broad signals are observed that become sharper on decreasing the temperature to 233 K. At this 
temperature a series of major signals confirm g the solid-state structure is evident, plus an 












               















 Tesi di dottorato in Scienze  e Tecnologie Chimiche XXIII ciclo 








Figure 46. 1H NMR spectra of (63a') in CD2Cl2 at: (a) T = 298 K; (b) T = 273 K; (c) T = 253 K; (d) T = 233 K. 
e four donors 0.177(2) Å towards the apical N4, indicative of a weak interaction 




The binding of the monodentate bpy ligand to Pd occurs at the unsubstituted pyridine nitrogen 
N3, the other nitrogen being at a distance from Pd of 2.760(4) Å. The metal is displaced from the 
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8(12), C(11)-Pd-N(1) 93.53(18), C(11)-Pd-N(2) 171.22(17), C(11)-
), N(1)-Pd-N(3) 165.79(14), N(1)-Pd---N(4) 125.88(12), N(3)-Pd-
(2) 101.92(14), N(2)-Pd---N(4) 103.46(13). 
rdination sphere and the 
sopropyl substituent diastereotopic (Figure 48).  
                                  












Complex (62c). Pd-N(1) 2.041(4), Pd-N(2) 2.195(3), Pd-N(3) 2.083(3), Pd-C(11) 2.033(4), Pd---N(4) 2.760(4), 
N(1)-Pd-N(2) 78.97(15), N(3)-Pd---N(4) 67.9
Pd-N(3) 84.23(18), C(11)-Pd---N(4) 84.60(17
N
 
The 1H-NMR spectrum of the 6-isopropyl complex (62c) shows that in solution a single 
compound is present, that has the two bpy units  in the palladium coo





















 3.2 CO/Styrene copolymerization Reaction. 
 
The monocationic complexes (62b-63b) have been tested as precatalysts in the CO/styrene 
alternate insertion by carrying out the reaction under conditions typical for the production of the 
relevant copolymer (solvent 2,2,2-trifluoroethanol (TFE), T = 30 °C, 1 bar of CO, [BQ]/[Pd] = 
40, [styrene]/[Pd] = 6800). 
In no case high molecular weight polymers were obtained. The reaction product consisted of a 
yellow/orange oil that was characterized by ESI-MS and 1H NMR spectroscopy. The mass 
analysis indicates for the product a mixture of low molecular weight molecules (Mw ≈ 368–896 
Da), characterized as a mixture of oligoketones with a number of repetitive units (132 Da each) 
ranging from 1 to 5. 
This attribution finds support in the 1H-NMR spectrum that shows three peaks due to vinylic 
protons at 6.97, 6.73 and 6.41 ppm and a number of partially overlapping sharp signals for the 
methynic and methylenic protons, in the range 1.35-1.55 ppm, which are not easy to attribute. 
Despite the complicated pattern, a comparison with literature data68 allows to recognize two 
doublets at 1.50 ppm and 1.48 ppm as diagnostic for the l (like) and u (unlike) stereoisomers of 
one end group (A, 2,5-diphenylpentyl-3-one end group), whereas the doublet at 1.40 ppm can be 
confidently attributed to the l diastereoisomer of the regioisomeric terminal group B (2,4-































Figure 49. The observed CO/styrene oligomers end groups (in all cases the other termination of the 
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68 a) Aeby, A.; Gsponer, A.; Sperrle, M.; Consiglio, G. J. Organomet. Chem. 2000, 603, 122–127; b) Sperrle, M.; 
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Figure 50. 1H NMR spectra in CD2Cl2 at room temperature of: a) a CO/styrene polyketone; b) a CO/styrene 
oligomer. 
 
Although all the tested complexes (62b-63b and 79b-80b) are active catalysts for the 
CO/styrene oligomerization reaction the catalyst productivity is strongly affected by the structure 
of the ligand (Figure 51). The cationic complex with the triazole ligand,69 (80b) [Pd(CH3) (80) 
(CH3CN)][PF6] is the least productive catalyst, while rac-(79b) [Pd(CH3)(79)(CH3CN)][PF6] is 
the most active one, reaching a productivity of almost 200 g PK/g Pd (grams of oligoketones per 
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Run N-N' yield (mg) g PK/g Pd A/B (%) Al (%) Au (%) 
1 rac-79 254 185 63/37 40 60 
2 72 187 136 75/25 > 99 / 
3 73 155 113 75/25 > 99 / 
4 80 103 79 88/12 80 20 
Reaction conditions: nPd = 1.27 x 10-5 mol, styrene V = 10 mL, TFE V = 20 mL, PCO = 1 bar, [BQ]/[Pd] = 40, T 
= 30 °C, t = 24 h, [styrene]/[Pd] = 6800. 
 
These results point out the remarkable influence exerted by the presence of a substituent on the 
C-atom adjacent to the N-donor of one of the two pyridine rings of the bpy ligands. The presence 
of such a group promotes the switch of the selectivity of the carbonylation reaction from 
polyketones of different molecular weights, as obtained with unsubstituted bpy ligands70, toward 
the synthesis of oligoketones. We may speculate that this outcome is a consequence of the steric 
congestion generated by the presence of the alkyl substituent in the close proximity of the 
                                                 
70 Milani, B.; Anzilutti, A.; Vicentini, L.; Sessanta o Santi, A.; Zangrando, E.; Geremia, S.; Mestroni, G., 
Organometallics 1997, 16, 5064-5075. 
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 catalytic centre. At CO pressures as low as 1 bar, the β-elimination process that leads to the 
termination of the growing  
chain competes more and more favorably with the insertion reaction that supports the 
propagation of the chain. 
Whereas the nature of the N-N' ligand does not affect the number of repetitive units inserted into 
the oligoketone chain, it influences the regioisomeric and the diasteroisomeric distribution of the 
end-groups. With all the tested precatalysts, the oligomer with the 2,5-diphenyl-3-one end group 
is the prevailing regioisomer. The A to B ratio (Figure 38) depends on the substituent on the 
pyridine ring, being the lowest for rac-(79)and the highest for (80). The ratio between the two 
diasteroisomers, Al and Au, is also related to the nature of the substituent on the pyridine ring and 
the precatalysts containing ligands (62) and (63) give the Al diasteroisomer exclusively. 
A modest but not negligible effect of the configuration of the chiral ligand was observed in the 
oligomerization reactions catalyzed by (79b). While in all cases there is a preference for the A 
regioisomer, the productivity, the diastereoselectivity and the A/B ratio depend on the 
configuration of the ligand, the racemate being less selective than the enantiopure derivatives 
(Table 3). In the presence of 0.5 equivalents (with respect to Pd) of free ligand, whichever its 
configuration, the diastereoselectivity undergoes a major change resulting in the exclusive 
formation of the oligoketone with the Al end group only. This is accompanied by a slight 
decrease of the productivity, while the A/B ratio remains almost unaffected. 
CD analysis points out that the oligoketones prepared with the enantiopure catalysts (S)- and (R)-
(79b) in the presence of the corresponding free ligand both display optical activity although the 
relevant CD curves are not specular . This fact combined with the 1H NMR data  indicate that a 
high diastereoface discrimination takes place for the insertion of the first two styrene units but 
that in the following insertions there is a decay of efficiency in the stereorecognition process. 
This fact supports the view that the stereochemistry dictated by the original chiral array at the 
catalytic center is contrasted by the chirality of the growing oligoketone chain which becomes 
more and more influent in addressing the choice of the diastereoface for the incoming monomer. 
Similar conclusions  have been reported in the literature for Pd-catalysts based on phosphino- 
and pyridine-oxazoline ligands.68 
These results suggest as well that different catalytic species may be generated whether or not 
some free ligand is added to the complex rac-, (S)- or (R)-(62b). Moreover, it  seems reasonable 
to assume that this catalytic species should contain two molecules of N-N' ligand bound to the 
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 1,4-Benzoquinone is recognized as an essential component of the catalytic system. Indeed, when 
the oxidant is not present, formation of inactive palladium black takes place in 2 h and no 
product is isolated after 24 h (Table 4). The productivity of the catalytic system increases on 
increasing the [BQ]/[Pd] ratio and no formation of palladium metal is evident by using an excess 
of BQ, the amount of which has no influence on the oligomers distribution. 
 
Table 4 
[BQ]/[Pd] yield (mg) g PK/g Pd 
0 0 0 
5 75 55 
20 186 135 
40 254 185 
 
The effect of benzoquinone is remarkable and apparently different from that exerted in the 
CO/styrene copolymerization in alcoholic media, since no ester end groups are observed at the 
end of the oligoketone chains.71 The available catalytic data do not allow to make any 
speculation and/or hypothesis on the role played by benzoquinone in this specific catalytic 
system. 
Longer reaction times, from 8 to 48 h, result in a remarkable increase in the productivity. This 
does not follow from a comparable increase in the number of repetitive units inserted into the 
oligomer chain, but rather from the fact that the catalyst does not show any evident 
decomposition to palladium(0) and is still active after 48 h.  Increasing the CO pressure from 1 
to 6 bar resulted in the formation of a higher amount of polyketone with the contemporary 
decrease of the oligoketones, while the whole productivity remains almost unchanged. When the 
behavior of complexes (62b-63b) was inspected at 5 bar, the trend of the total productivity was 
found analogous to that of the oligomerization reaction for the bpy ligands, while the triazole-
containing complex turned out to be the most productive catalyst (Figure 52). 
                                                 
71 a) Barsacchi, M.; Consiglio, G.; Medici, L.; Petrucci, G.; Suter, U. W., Angew. Chem. Int. Ed. Eng. 1991, 30, 989-
991;b) Consiglio, G.; Nefkens, S. C. A.; Pisano, C., Inorg. Chim. Acta 1994, 220, 273-281.;c) Sperrle, M.; 





Multipurpose Nitrogen Donor Ligands for Homogeneous Transition Metal Catalysis. From Carbonylation to Hydrogen Generation 
75
Tesi di dottorato in Scienze  e Tecnologie Chimiche XXIII ciclo 
Università degli Studi di Sassari 
 Figure 52 
 
  (a)                                                                                                (b) 
79b 62b 63b 80b 1 2.5 5 6 
Figure 52. (a) effect of CO pressure: Precatalyst: rac-51b. Reaction conditions: nPd = 3.19 x 10-6 mol, styrene 
V = 2.5 mL, TFE V = 5 mL, [BQ]/[Pd] = 40, T = 30 °C, t = 24 h, [styrene]/[Pd] = 6800. (b) effect of precatalyst. 
Reaction conditions: nPd = 3.19 x 10-6 mol, styrene V = 2.5 mL, TFE V = 5 mL, PCO = 5 bar, [BQ]/[Pd] = 40, T 
= 30 °C, t = 24 h, [styrene]/[Pd] = 6800. g PK/g Pd = grams of product per gram of palladium; polyk 
=polyketone; oligok = oligoketone. 
 
3.3.1 Reactivity of Complexes (62b) and (62c-63c) with carbon monoxide. Catalytic cycle. 
 
For both series of complexes, (62b)-(62c) and (63c), the reactivity with 13CO was studied by in 
situ 1H- and 13C-NMR spectroscopy, by bubbling carbon monoxide for 5 min into a 10 mM 
solution of the complex, at 298 K. In some cases the spectra were recorded at 263 K or 253 K, in 
order to have sharp signals. For complex (62b), which has one molecule of N-N' coordinated to 
palladium, in the 1H NMR spectrum recorded after 10 min from the treatment with 13CO, the 
signal of the Pd-CH3 fragment disappears being replaced by a doublet around 2.90 ppm. The 
singlet of free acetonitrile is present, while no signal due to the free ligand (62) is observed. In 
the carbonyl region of the 13C NMR spectrum the two signals around 214 ppm and 170-174 ppm 
are assigned to the carbonyl group of the Pd-acetyl fragment and to the CO bonded to Pd, 
respectively. On the basis of these data and in agreement with the literature, 72 it is reasonable to 
assume that the species resulting from the carbonylation reaction is the Pd-acetyl-carbonyl 
derivative [Pd(COCH3)(CO)(N-N')][PF6] (N-N' = 62). No information about its geometry was 
obtained. 
                                                 
72 a) Milani, B.; Marson, A.; Zangrando, E.; Mestroni, G.; Ernsting, J. M.; Elsevier, C. J., Inorg. Chim. Acta 2002, 
327, 188-201;b)Bastero, A.; Ruiz, A.; Claver, C.; Milani, B.; Zangrando, E., Organometallics 2002, 21, 5820-5829; 
c)Axet, M. R.; Amoroso, F.; Bottari, G.; D'Amora, A.; Zangrando, E.; Faraone, F.; Drommi, D.; Saporita, M.; 
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 When the same experiment was performed on complexes (62c-63c), having two molecules of N-
N' bonded to palladium, the 1H NMR spectra recorded after 10 min do not show any signals of 
the precursor as well as any signals due to the free N-N' ligand. Some variations are observed in 
the NMR of (79c) after reaction with the labeled CO : the two singlets of the Pd-CH3 fragment of 
the two diastereoisomers are replaced by two new doublets in the range 2.0–1.9 ppm (Figure 53) 
and the three singlets of Pd-CH3 transformed in three doublets (Figure 53). Analogous variations 
are observed in the NMR of (63c) after reaction with the labeled CO. In the case of complex 
(62c), with the isopropyl substituent on bpy, the diastereoisomeric nature of the CH3 of the 










Figure 35. 13C NMR spectra, in CD2Cl2 solution of: (a) (R)-79b + 13CO (T = 298 K); (b) (R)-79c + 13CO (T = 




























Scheme 22. Reactivity with carbon monoxide of complexes (62-63c) and (79c). 
 
On the basis of the NMR studies and of the oligomers end-groups distribution the following 
hypothesis for the mechanism of the oligomerization reaction is proposed (Scheme 22). The 
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 the insertion of carbon monoxide into the Pd-CH3 bond, followed by the nucleophilic attack of 
water (present in traces both in CO and in TFE) on the Pd-acetyl intermediate (Scheme 23a). 
Migratory insertion of styrene on the Pd-hydride occurs with a secondary regiochemistry and the 
resulting Pd-alkyl fragment reacts with CO to form the Pd-acyl intermediate. On this species the 
coordination of styrene takes place, followed by its migratory insertion according to a non-
regiospecific reaction, since primary regiochemistry is also observed in the insertion (Scheme 
23b). Growing of the oligomer chain proceeds up to a maximum of five repetitive units and then 
β-hydrogen elimination takes place according to the monomer assisted mechanism, leading to the 
oligomer with a vinyl termination and to the Pd-alkyl species that can start a new catalytic cycle 
(Scheme 24c). The concomitant formation of polyketone observed when the reaction is carried 
out at higher CO pressure is in keeping with this mechanism: CO occupies the fourth 
coordination site required for the β-hydrogen elimination to take place, thus favoring the 
growing of the polymeric chain over its termination. 
When the catalytic reaction is carried out in the presence of a slight excess of free ligand with 
respect to palladium, an analogous catalytic cycle can be envisaged with the difference that both 
N-N' molecules are always bonded to the metal center. In some steps one molecule can act as a 
bidentate ligand and the other as a monodentate ligand, whereas in the steps where two cis 
coordination sites are required for the reaction to occur, both N-N' molecules might be 
monocoordinated . This hypothesis is supported by the observed reactivity of complexes (62-63-
79) c with carbon monoxide and by recent literature reports, where the presence of monodentate 
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 3.4 Conclusions. 
In this work a series of few 6-alkyl-substituted-2,2'-bipyridines (N-N’) has been synthesized and 
their coordination chemistry to palladium investigated. Two classes of complexes of general 
formula [Pd(CH3)(CH3CN)(N-N')][PF6] and  [Pd(CH3)(N-N')2][PF6] have been synthesized. In 
contrast with literature data on similar Pd-complexes with non-symmetric nitrogen ligands, the 
present compounds are featured by the Pd-methyl fragment trans to the Pd-N bond, where the N 
atom belongs to the substituted pyridine ring, likely for steric reasons. In complexes [Pd(CH3)(N-
N')2][PF6], one N-N' molecule shows the expected chelating behavior whereas the other behaves 
as monodentate. However, in solution an averaged situation is established and the 1H NMR 
spectra are consistent with a complex where the palladium ion is a stereogenic center. 
Complexes [Pd(CH3)(CH3CN)(N-N')][PF6] generate active catalysts for styrene carbonylation 
yielding to perfectly alternating CO/styrene oligoketones, thus indicating that the introduction of 
a substituent in ortho position with respect to the N-donor of one of the two pyridine rings of the 
(N-N') ligands remarkably affects the selectivity of the reaction that is directed towards the 
synthesis of low molecular weight molecules. With unsubstituted bpy, polyketones of different 
molecular weights are the products. The selectivity of the reaction is also influenced by the CO 
pressure and concomitant formation of copolymer occurs when the reaction is carried out at a 
CO pressure of at least 2 bars. 
The characterization of the end groups of the produced oligoketones provides evidence that, 
beside the fragments originated from the usual secondary insertion of styrene into the Pd-acyl 
bond, alkyl groups deriving from the insertion of styrene with a primary regiochemistry are also 
formed. In addition, when the carbonylation reaction is carried out with the catalyst containing 
the chiral  enantiomerically pure ligand, in the presence of an excess of free ligand, optically 
active oligoketones are produced with a complete diastereorecognition for the insertion of the 
first two styrene units. 
Finally, the study of the reactivity of both classes of complexes with 13CO indicates the 
formation of the corresponding Pd-acetyl species, [Pd(COCH3)(CO)(N-N')][PF6] and 
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 Conclusions 
   
 6/6’-substituted 2,2’-bipyridine were successfully synthesized. They were screened for the first 
time them in the preparation of of iridium(III) complexes and compared to its well-studied 
[Ir(ppy-H)2bpy]PF6 counterpart. The [Ir(ppy-H)2(6-iPr-bpy)][PF]6 (71d), [Ir(ppy-H)2(6-secBu-
bpy)][PF]6  (71d1) show optimal photosensitive and catalytic properties, enabling an extended  
lifetime of the photo-sensitizer,  and high TON and TOF values in the catalytic cycle of water 
cleavage were as well observed. 
The 6-alkyl-substituted-2,2’-bipyridines have been used as ligand in the CO/Styrene 
copolymerization catalyzed by Pd(II) complexes. They afford  perfectly alternating CO/styrene 
oligoketones, thus indicating that the introduction of a substituent in ortho position with respect 
to the N donor of one of the two pyridine rings of the N-N’ ligands remarkably effects the 
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 4.1 Synthesis of 6-alkyl substituted 2,2’-bipyridines. 
 
All reactions, involving air- and moisture-sensitive compounds and subsequent workup were 
carried out under argon using Schlenk techniques. Reactions were monitored by analytical thin-
layer chromatography (TLC) using either Merck silica gel 60 F254 aluminum cards. The 
chromatograms were visualized with UV light. Flash-chromatography of the crude products was 
performed on silica gel 60 (Merck, 230-400 mesh). Solvents were dried and deoxygenated by 
standard procedures. NMR spectra were recorded on a Bruker Avance 300 spectrometer at 300 
MHz for 1H, 100 MHz for 13C. We report in details only spectroscopic data of compound (62) 
and (63). The others are consistent with published ones. 
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hexane, 3:7). 
ield: 75 % 
 MHz): δ/ppm 111.38, 113.90, 121.11, 123.93, 137.06, 39.77, 
49.48, 153.89, 156.32, 163.97. 
To an ice-cooled solution of 2-dimethylaminoethanol (0.72 g, 16 
mmol) in hexane (20 mL) BuLi was added dropwise (1.6 M 
solution in hexane, 20 mL, 32 mmol). After stirring at 0°C for 25 
min, a solution of 2-methoxypyridine (436 mg, 4 mmol) in hexane 
(10 mL) was added dropwise over a period of 10 min and the 
resulting reaction mixture was stirred at 0°C for 1 h. After this time interval, the orange solution 
was cooled to -20°C and a solution of pyrimidine (1.28 g, 16 mmol) in THF (40 mL) was added 
dropwise. The resulting mixture was stirred for 1 h at 0°C: the ice-water bath was then removed 
and the reaction mixture stirred for an additional hour. Hydrolysis was performed at 0°C with 
water (20 mL). After aqueous work-up, the organic layer was dried (MgSO4) and the solvents 






1H-NMR (CDCl3): δ/ppm 8.58 (1H), 8.36 (1H), 7.94 (1H), 7.71 (1H), 7.64 (1H), 7.24 (1H), 6.72 
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.1.2 6-cyano-2,2’-bipyridine (49).48 
fter stirring overnight at rt, 10% 
es (2 × 50 mL). After 
rolonged drying in vacuo, a white powder was obtained. Yield: 68 %. 
121.68, 124, 124.7, 128.1, 133.2, 137.2, 
37.9, 149.2, 153.9, 157.6.  ESI-MS m/z 181 (M+H+). 
.1.3 2-(pyridin-2-yl)-1,3,5-triazine (52).49 
 white powder which was purified by flash-chromatography 
t2O: Ac = 50:1). Yield: 40 %. 
8.00 (1H), 7.57 (1H). 13CNMR (100 




Benzoyl chloride (2 equiv, 1.95 g , 13.92 mmol) was carefully added 
under argon to an ice-cooled solution of 2,2′-bipyridyl-N-oxide (1.20 
g, 6.96 mmol) and trimethylsilyl cyanide (3.6 mL, 29.45 mmol) in 
ca. 60 mL dry dichloromethane. A
N
aq Na2CO3 (50 mL) was carefully added to the reaction mixture. 
Upon evaporation of the organic solvent, a yellow solid precipitated, which was separated from 
the acqueous phase by filtration. The crude product was redissolved in 50 mL CH2Cl2, the 
organic phase washed with water and then dried over Na2SO4. The solvent was removed in 





1H-NMR (CDCl3): δ/ppm 8.76(2H), 8.51 (1H), 7.97 (2H), 7.72 (1H), 7.45 (1H), 7.24 (1H), 6.72 





A solution of pyridine-amidine hydrochloride (0.70 g, 4.44 mmol) and 
sym-triazine (0.36 g, 4.44 mole) in methanol (1 ml) was allowed to stand 
at room temperature for 24 hours. Crystallization of the by product 
formamidine hydrochloride began in about one hour. It  was removed by 
filtration.  Removal of the solvent from the filtrate under reduced pressure 
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.1.4  (E)-3-(dimethylamino)-1-(pyridin-2-yl)prop-2-en-1-one (60).50  
d while methanol was gradually removed by slow 
 The 1H-NMR of the crude shows that the product is more 
an 95% pure. It is used as such in the next step. Yield: > 95 % 
R (300 MHz, CDCl3): δ/ppm 8.64 (1H), 8.16 (1H), 7.94 (1H), 7.80 (1H), 7.36 (1H), 6.47 
1H). 
4.1.5 6-alkyl substituted 2,2’-bipyridines  (62) and (63).50 
urified by means of distillation under reduced pressure to give the product as a pale yellow oil. 
2 Hz, 8.6 Hz, 1H), 7.30 




A solution of 6-acetyl pyridine (1 g; 8,25 mmol) and N,N-dimethyl-
formamide dimethyl acetal (2,25 g; 17,44 mmol) in toluene (5 ml) 
was refluxe
distillation. 
The reaction was heated until no more methanol was distilled (ca. 
12 h). The toluene was removed under reduced pressure to give the 











(E)-3-(dimethylamino)-1-(pyridin-2-yl)prop-2-en-1-one (60) (1.37 g; 
8,11 mmol) was added to a solution of the enolate of the appropriate 
methyl ketone [3-methyl-2-pentanone (63) 3-methyl-2-butanone 
(62)], previously prepared by the reaction of the latter with one 
equivalent of LDA in anhydrous THF (25 mL). The solution was 
allowed to stir for 20 h at room temperature. Then  ammonium acetate 
(6.23 g; mmol 80,95) and acetic acid (12 mL) were added. The resulting mixture was refluxed 
while THF and acetic acid were slowly distilled off over a 3 h period time. The residue was 
taken up in CH2C12 and washed with 10% aq. K2CO3. The organic phase was separated and 








(62): 57% yield; 1H NMR (300 MHz CDCl3): δ/ppm 8.67 (d, J = 6 Hz, 1H),  8.50 (d, J = 6 Hz, 
1H), 8.20 (d, J = 9 Hz, 1H), 7.80 (td, J = 6 Hz, 0.3 Hz, 1H), 7.71 (t, J = 1
(m
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J = 12.9 Hz, 6 Hz, 1H), 7.72 (t, J = 12.6 Hz, 6.8 Hz, 1H), 
.29 (m, 1H), 7.15 (d, J = 6.2 Hz, 1H), 2.88 (m, 1H), 1.85 (m, 1H), 1.67 (m, 1H), 1.35 (d, 3H, J= 
 
r
ltered. The crude product was 
tained as a white-yellow powder upon evaporation of the solvent. It was purified by flash- 
 (CDCl3): δ/ppm 8.65(1H), 8.37 (1H), 8.31 (1H), 8.15 (2H), 7.91 (2H), 7.82-7.72 (2H), 
e
 to a volume of 
13CNMR (100 MHz): δ/ppm 22.43, 35.54, 117.81, 120.40, 121.17, 123.96, 137.16, 137.60, 
149.17, 154, 155, 166. ESI-MS m/z 183 (M+H+), 198 (M+Na+). 
(63) : 50% yield; 1H NMR (300 MHz  (CDCl3): δ/ppm 8.68 (d, J = 6 Hz, 1H). 8.49 (d, J = 6 Hz, 
1H), 8.19 (d, J = 9 Hz, 1H), 7.83 (td, 
7




idine (64). 51 
A mixture of 2,2'-bipyridin-6-oxide (0.60 g, 3.48 mmole) and  
phosphorus oxychloride (10.64 g, 69.45 mmol) was heated at 45°C 
for 20 hours. Crushed ice was carefully added to the oily solution and 
the mixture made basic with solid potassium carbonate. The aqueous 
mixture was washed with several portions of dichloromethane. The 










4.1.7 The synthesis of 6-ph
 
nyl-2,2’-bipyridine (65) .52 
A 1.88 M solution of phenyllithium (4.33 ml, 7.81 mmol) in 
diethyl ether was added to an ice-cooled solution of 2,2’-
bipyridine (1.00 g, 6.40 mmol) in diethyl ether (60 ml) under 
argon. The reaction mixture was stirred for 2 h and then carefully 
quenched with ice-cooled water (20 ml). The organic layer was 
separated and the aqueous layer was extracted with CH2C12 (2 x 




10 ml. To this solution, activated MnO2 was added in two portions (1g x 2), the second one 1 h 
after the first. After 3 h stirring, anhydrous MgSO4 (2 g) was added. The mixture was filtered.  
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he solids were further washed with CH2C12 (15 mL). The solvent was removed from the 
1H-NMR (300 MHz, CDCl3): δ/ppm 8.75 (1H), 8.68 (1H), 8.50 (1H), 8.15 ( 2H), 7.91 (2H), 7.81 
: δ/ppm  111.38, 113.90, 121.11, 123.93, 137.06, 
39.77, 149.48, 153.89, 156.32, 163.97. δ  ESI-MS m/z 232 (M+H+). 
 
nO2 (2g) was added slowly and the 
ixture stirred for 11 h at room temperature. After filtering over Celite, the filtrate was 
(300 MHz, CDCl3): δ /ppm 8.67 (2H), 8.23 (4H), 7.97 (2H), 7.84 (2H), 7.58 (4H), 7.50 
H). 13CNMR (100 MHz, CDCl3): δ/ppm 156.36, 155.9, 139.48, 137.66, 129.03, 128.78, 
27.00, 120.35, 119.59. ESI-MS m/z): 309.2 [M+H+].  
 
T
collected organic phases to give a yellow, oily solid. The product was obtained as pale yellow 
crystals upon crystallization from toluene (4 ml) in the cold. Yield: 75 % 
 
(1H), 7.53-7.40 (4H). 13CNMR (100 MHz)
1
 
4.1.8  6,6'-diphenyl-2,2'-bipyridine 
N
(66).52 
Phenyllithium (1.8 M solution in ether; 8.66 ml, 16 mmol, 
2.5eq) was added at -78 °C to a solution of 2,2'-bipyridine 
(1g, 6.40 mmol) in diethyl ether (60 ml). Upon addition 
the colourless mixture turned into a dark red suspension 
which was stirred for 15 min at –40°C. The cooling bath 
was removed and the mixture was allowed to warm up to 
room temperature at which all remaining solid was dissolved. The solution was stirred at room 
temperature for 3 h and then refluxed for 4 h. The dark red solution was cooled down to room 
temperature and quenched by slow addition of ice. Et2O was removed under reduced pressure. 
The organic phase was separated and the acqueosu phase was extracted three times with CH2Cl2. 





evaporated to dryness. The crude material was purified by crystallization  hexane/CH2Cl2 
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es dried over Na2SO4 and the solvent removed under 
duced pressure. The residue was purified by flash-chromatography (Et2O /hexanes = 1:100) to 






Zinc powder (0.26 mg, 4.12 mmol) was added to a stirred 
blue solution of NiCl2・6H2O (0.97 g, 4.12 mmol) and 
triphenylphosphine (4.32 g, 16 mmol) in DMF (5 mL) under 
argon at 50 °C. After 1 h, the colour had changed to red
4.1.9 The synthesis of 6,6'-Di-ter
N N
(69)
brown. 6-tert-Butyl-2-chloro-pyridine (0.7 g, 4.12 mmol) 
was added and the reaction stirred for 15 h at 50 °C. The reaction mixture was poured into NH3 
 aq (25%, 100 mL) and extracted with Et2O (3×50 mL). The solvent was evaporated from the 
combined organic phases and the residue dissolved in ethanol (10 mL). Solid I2 (ca. 2 g) was 
added in portions while stirring until the brown color of iodine persisted. A solution of Na2SO3 
(3 g) in water (50 mL) was added to quench excess iodine. The mixture was extracted with Et2O 
(3 × 100 mL), the combined organic phas
M. W.: 268,40
re
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ers in a Teflon 
crucible. A solution of THF/H2O/TEA (8:2:2, 10 mL) was added and the mixture stirred at room 
temperature for 8 min before switching on the light source to start the reaction.  
                                                
4.2 The synthesis of the c
 
4.2.1 Catalysis. Water cleavage. 
 
All catalytic experiments were carried out under an argon atmosphere. The solvents  were 
distilled under vacuum prior to use and stored under argon. The catalyst precursors (IrCl3·4H2O) 
were purchased from (STREM) and stored under argon. 2-Phenyl
ethoxyethan l, Dichloromethane, Ethanol were purchased from Aldrich (99% purity). 
Tetrahydrofuran (THF) for photoreactions were purchased from Aldrich. 
1H NMR and 13C NMR were recorded on Bruker Avance 300 spectrometer at room temperature.  
UV-Vis spectra were collected on a Specord S600 (analytik jena).Elementary analysis were done 
on Perkin Elmer 240B. Gas composition was analyzed by gas-chromatography on a HP 6890N 
instrument equipped with a carboxen 1000 column  and a TCD  detector , external calibration). 
A 300W Xe lamp was used as light source for the light-driven water reduction. Details on the 
equipment, which is also used for hydrogenation reactions, have been published elsewhere.74 
Typical procedure for light-driven water reduction: a double walled thermostatically controlled 
reaction vessel was evacuated and purged with argon five times to remove any trace of gas 
present inside. The iridium sensitizer and [Fe3(CO)12]  were added as powd
 
74 a) Loges, B.; Junge, H.; Spilker, B.; Fischer, C.; Beller, M. Chem. Ing. Tech. 2007, 79, 741-753; b) Boddien, A.  
Loges, B. Junge, H.  Beller, M. ChemSusChem  2008, 1, 751-758. 
 4.2.2 Tetrakis-(C-N)-μ-(dichloro)-diiridium(III) [Ir (C-N))2(μ-Cl)]2 
 
General procedure for the preparation of [Ir (C-N))2(μ-Cl)]2. 
 
The ligand (0.5 mmol, 2.1 eq) and IrCl3•3H2O (0.5 mmol, 1 eq) were added to a solution of 
methoxyethanol: water (5:1) solution. The mixture was stirred and heated under reflux (120 °C) 
with constant stirring for 12 h. The resulting precipitate was collected by suction filtration, 
washed with water and diethyl ether and dried to yield the product. 
 
4.2.3 [Tetrakis-(phpy-H)-μ-(dichloro)-diiridium(III)] (73). 
Yellow precipitate. Yield 70-90%: 1H NMR (300 MHz, CDCl3-d1) : δ/ ppm 9.30 (d, 4H, J =6.1), 
8.86 (d, 4H, J =6.3), 7.22 (t, 8H, J =2.4), 7.48 (d, 1H, J=6.5) 6.75 (m, 8H), 6.54 (t, 4H, J=7.1, 
6.2), 5.92 (d, 2H, J =2.8, 1.4). 
 
4.2.4 [Tetrakis-(bqz-H)-μ-(dichloro)-diiridium(III)] (74). 
Yellow precipitate. Yield 30%: 1H NMR (300 MHz, CDCl3-d1) : δ/ ppm 9.36 (d, 4H, J =3.6), 
8.29 (d, 4H, J =8.1), 7.22 (m, 8H), 7.26 (m, 8H), 6.83 (t, 4H, J= 6), 5.99 (d, 4H, J = 6.4). 
Elementary Analysis (1168,18) calculated %: C, 53.46; H, 2.76; N, 4.80. founded %: C, 53.50; 
H, 2.74; N, 4.85 
 
4.2.5 Cationic complexes [Ir(C-N)2(N-N’)]PF6. 
 
 
General procedure for the preparation of [Ir(C-N)2(N-N’)]PF6:  
 
The ligand (350 μmol, 2.5 eq) and [Ir(phpy-H)2(μ-Cl)]2 (140 μmol, 1 eq.)  in CH2Cl2/EtOH (3.5 
ml/1.5 ml) were stirred for 5 hours to give a clear yellow-orange solution.The solvent was 
removed in vacuo and the residue dissolved in H2O (30 ml). After washing the acqueous phase 
with Et2O (3x20 mL) NH4PF6 ( 0.5 g, 3 mmol in 1 ml of H2O) was added. After stirring for 7 h, 
the solid was isolated by vacuum filtration, washed with water and dried under high vacuum 
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4.2.6 [(6-Methoxy-2,2’-bipyridine)-bis-(2-pyridine)-iridium(III)] Hexafluorophosphate 
(71a) Orange Crystals. Yield 50%: 1H NMR (300 MHz, dmso-d6) : δ/ ppm 8.66 (d, 1 H, J = 
8.46), 8.57 (d, 1 H, J = 7.2), 8.13 (m, 2 H), 7.85 (s, 1H), 7.8-7.6 (m, 6 H), 7.48 (m, 2 H), 7.28 (td, 
1 H, J =2.8, 1.4), 7.05 (m, 3 H ), 6.85 (m, 2 H ), 6.19 (d, 1 H, J =4.2) , 5.97 (d, 1 H, J =5). 3.55 
(m, 1 H), 1.00 (d, 1 H, J =9.8), 0.37 (d, 1 H, J =9.5). IR (solid): ~ν =  3041 (w), 1605 (w), 1581 
(w), 1472 (m), 1434 (w), 1339 (w), 1287 (w), 1269 (w), 1251 (w), 1162 (w), 1137 (w), 1063 (w), 
1038 (w), 984 (w), 836 (s), 772 (m), 757 (s), 730 (w), 669 (w) cm–1 Elementary analysis: 
C33H26F6IrN4OP (832.14) calculated %: C, 47.65; H, 3.15; N, 6.74; P, 3.72, founded %: C, 
47.70; H, 3.34; N, 6.79; P, 3.66. 
 
4.2.7 [(6-Ciano-2,2’-bipyridine)-bis-(2-pyridine)-iridium(III)] Hexafluorophosphate (71b) 
orange crystals. Yield 100% : 1H NMR (300 MHz, dmso-d6 ): δ/ ppm 9.21 (d, 1 H, J =7.5), 9.01 
(d, 1 H, J =7.4), 8.54 (t, 1 H), 8.33 (m, 4 H ), 8.10 (d, 1 H J =6 ), 8.01 (m, 3 H), 7.87 (d, 1 H, J 
=7.4), 7.77 (m, 2 H), 7.54 (d, 1 H, J =5.2 ), 7.22 (t, 1 H, J= 4.2) , 7.13 (t, 1 H, J = 4.9), 7.06 (t, 1 
H, J = 5.1) 6.92 (td, 2 H, J = 4.1), 6.77 (t, 1 H, J = 4.1), 6.12 (d, 1 H, J = 9.5), 6.02 (d, 1 H, J = 
9.5) . IR (solid): ~ν = 3043 (w), 1607 (w), 1583 (w), 1479 (m), 1448 (m), 1270 (m), 1248 (w), 
1165 (w), 1063 (w), 1030 (w), 835 (s), 758 (s), 736 (s), 669 (s) cm–1 Elementary analysis : C35 
H30 N4 F6 P Ir (826.75) calculated %: C, 47.94; H, 2.80; F, 13.79; N, 8.47; P, 3.75 founded %: C, 
47.57; H, 3.26; N, 8.58; P, 3.79. 
 
4.2.8 [(2-(pyridin-2-yl)-1,3,5-triazine)-bis-(2-pyridine)-iridium(III)] Hexafluorophosphate 
(71c)  brown solid. Yield 60%: 1H NMR (300 MHz, dmso-d6): δ/ppm 9.83 (s, 1 H), 9.15 (d, 1 H, 
J = 8.5), 8.60 (s, 2 H), 8.57 (m, 1H), 8.43(d, 2 H, J = 8.3), 8.13 (m, 6 H), 7.76 (d, 1 H, J = 3.5), 
7.26 (m, 2 H), 7.19 (t, 2 H, J = 2.3), 7.08 (t, 2 H, J= 3.1), 6.36 (d, 1 H, J = 2.4), 6.32 (d, 1 H, J = 
2.4). IR (solid): ~ν = 3045 (w), 1607 (w), 1557 (w), 1478 (m), 1426 (m), 1387(w), 1268 (w), 
1228 (w), 1165 (w), 1064 (w), 1031 (w), 836 (s), 756 (s), 737 (s), 556 (s) cm–1 Elementary 
analysis : C30H22F6IrN6P  (804.12) calculated %: C, 44.83; H, 2.76; N, 10.46; P, 3.85 founded 
%: C, 45.12; H, 2.94; N, 10.40; P, 3.79. 
 
4.2.9 [(6-isPr-2,2’-bipyridine)-bis-(2-pyridine)-iridium(III)] Hexafluorophosphate (71d) 
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 H, J ) 7.2), 8.13 (m, 2 H, J ) 2.4, 1.3), 7.85 (s, 1H ), 7.8-7.6 (m, 6 H ), 7.48 (m, 2 H ), 7.28 (td, 1 
H, J ) 2.8, 1.4), 7.05 (m, 3 H ), 6.85 (m, 2 H ), 6.19 (d, 1 H, J ) 4.2) , 5.97  
(d, 1 H, J ) 7.5). 3.55 (m, 1 H ), 1.00 (d, 1 H, J ) 9.8), 0.37 (d, 1 H, J ) 9.5). M/Z+: 697.20, 
699.21. IR (solid): ~ν = 3049 (w), 2965 (w), 2928 (w), 2871(w), 1983 (w), 1606 (w), 1582 (w), 
1477 (m), 1448 (m), 1422 (w), 1306 (w), 1268 (w), 1228 (w), 1165 (w), 1064 (w), 1030 (w), 891 
(w), 835 (s), 761 (s), 734 (s), 669 (m) cm–1. Elementary analysis : C35H30N4F6PIr (843.82) 
calculated %: C, 49.82; H, 3.58; N, 6.64; P, 3.67; founded %: C, 49.76; H, 3.73; N, 6.55; P, 3.65. 
 
4.2.10 [(6-SecBut-2,2’-bipyridine)-bis-(2-pyridine)-iridium(III)] Hexafluorophosphate 
(71d1) yellow solid;. Yield 60%: 1H NMR (300 MHz, CDCl3): δ/ppm 8.43 (d, 1 H, J = 8.9), 8.30 
(t, 1 H, J = 8.3), 8.60-8.94 (m, 12H), 7.17-6.75 (m, 6H), 6.10 (1H, J = 5.6), 5.94 (d, 1H, J  = 7.3), 
0.79 (d, 1H, J = 9), 0.48 (t, 1H), 0. 14 (d, 1H, J  = 6), -0.16 (t, 1H). IR (solid): ~ν = 3045 (w), 
2627 (w), 1983 (w), 1607 (m), 1585 (m), 1564 (m), 1477 (m), 1452 (m), 1421 (m), 1307 (w), 
1271 (w), 1229 (w), 1163 (w), 1128 (w), 1063 (w), 1030 (w), 1003 (w), 827 (s), 752 (s), 729 (s), 
694 (s) cm–1. Elementary analysis C36H32F6IrN4P (857.85): C, 50.40; H, 3.76; N, 6.53; P, 3.61. 
founded %: C, 50.81; H, 3.69; N, 6.57; P, 3.77. 
 
4.2.11 [(6-Cl-2,2’-bipyridine)-bis-(2-pyridine)-iridium(III)] Hexafluorophosphate (71e).  
yellow precipitate; Yield 90%: 1H NMR (300 MHz, CDCl3): δ/ppm 8.76 (d, 2 H, J  = 6), 8.22 
(m, 5 H), 8.07 (d, 1 H, J  = 2.4),7.94-7.51 (m, 8 H), 7.20 (t, 1H, J  = 2.3) 7.09 (t, 1 H, J  = 3.4), 
7.00 (t, 2H, J = 3.2), 6.85 (m, 2H ), 6.77 (t, 1H, J = 4.2), 6.04 (d, 1H, J  = 8.9), 5.94 (d, 1 H, J =  
9). IR (solid): ~ν = 3041 (w),  1606 (s), 1594 (m), 1582 (m), 1561 (w), 1478 (m), 1436 (m), 
1316 (w), 1269 (w), 1230 (w), 1193 (w), 1166 (w), 1125 (w), 10,84 (m), 1064 (w), 1020 (w), 
1001 (w), 888 (m), 833 (s), 772 (s), 757 (s), 730 (m), 669 (w) cm–1.Elementary analysis : 
C23H23N4F6ClPIr (696.92) calculated %: C, 45.96; H, 2.77; N, 6.70; P, 3.70; founded %: C, 
45.35; H, 2.86; N, 6.71. 
 
4.2.12 [(6-Phenyl-2,2’-bipyridine)-bis-(2-pyridine)-iridium(III)] Hexafluorophosphate (71f)  
a yellow precipitate. Yield 100%: 1H NMR (300 MHz, CDCl3): δ/ppm 8.82 (q, 2 H, J ) 12, 4.5), 
8.34 (t, 1 H, J ) 8.9, 6.5), 8.24 (m, 1H), 8.11-7.90 (m, 5H ), 7.80-7.50 (m, 6 H), 7.37 (d, 1H, J 
)6.4), 7.23 (m, 2 H), 6.91 (q, 2 H, J)12.1, 6.5), 6.80 (m, 3H), 6.50 (m, 2 H), 6.27 (t, 1H, J ) 15, 
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 (m), 1450 (m), 1422 (w), 1268 (w), 1225 (w), 1169 (w), 1117 (w), 1064 (w), 882 (s), 853 (s), 
757 (m), 737 (m), 716 (m), 695 (m), 641(w), 630 (w), 556 (s),  cm–1  
Elementary analysis : C38H28N4F6PIr (877.84) calculated %: C, 51.99; H, 3.21; N, 6.38; P, 3.53; 
founded %: C, 51.74; H, 3. 38; N, 6.17; P, 3.53. 
 
4.2.13 (6,6'-diphenyl-2,2'-bipyridine)-bis(2-pyridine)-iridium(III)-hexa-fluorophosphate 
(72). green precipitate Yield : 99%. 1H NMR (300 MHz, CD2Cl2) δ / ppm 8.42(d, 2 H, J = 8), 
8.26 (d, 2H, J = 5.7), 8.15 (t, 2H, J = 7.9),  7.83 (t, 2H, J = 7.8), 7.65 (d, 2H, J = 8.2), 7.34 (d, 
2H, J  = 7.7), 7.16 (t, 2H, J = 6.6), 7.11 (d, 2H, J  = 7.8), 7.01 (t, 2H, J = 6.3), 6.76 (t, 4H, J = 
7.8, 5.9), 6.60 (d, 4H, J = 6.2), 6.55 (t, 2H, J = 6.1), 6.21 (t, 2H, J  = 6.2), 5.24 (d, 2H, J  = 7.8). 
IR (solid): ~ν = 3043(w), 1606 (m), 1583 (m), 1562 (w), 1478 (m), 1449 (m), 1422 (m), 1317 
(w), 1269 (w), 1229 (w), 1063 (w), 1030 (w), 836 (s), 757 (s), 733 (s), 556 (s) cm–1. 
Elementary analysis: C44H32F6IrN4P·0.5H2O (962.94). Calculated %: C 54.88, H 3.45, N 5.82; 
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